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ABSTRACT 
This study alms at determining the effect of varletxs 
parameters which govern the geometry of an earth dam section 
resting on liqpervloiis foundation* on the domain of seepage 
flow In that earth dam section and to consequently present 
to the engineering profession the means of predicting the 
exigencies arising from the flow of seepage water* 
The finite element analysis was carried out on 96 
earth dam section* comprising vertical core sections as 
well as earth dam sections with different types of Internal 
drainage system such as chimney drain* rockflll toe and 
horizontal toe drain. Different solution algorithm were 
used to determine the location of top flow line as well as 
that of exit point on the downstream seepage face* for each 
type of earth dam section. A rapid and good convergence was 
achieved In each case* 
It Is Indicated that the location of top flow line 
as predicted by the finite element analysis In case of an 
earth dam with parabolic upstream face tallies almost exac-
tly with that obtained by Kozney's theoretical solution* 
Also the length of downstream seepage face In case of earth 
dam with horizontal toe drain, as obtained by finite ele-
ment analysis* are found to exhibit remarkable similarity 
with available theoretical results of Moayerl's exact 
solution (May 1972* ASCE)* Indicating that the results being 
reported in t h i s t h e s i s may be used with confidence. 
The sttidy indicates that the presently available 
methods for predict ing the location of top flow l ine and 
the l« igth of downstream seepage face are e i ther not suf f i -
c i en t ly accurate or the ir app l i cab i l i ty i s l imited to a 
particular boundary geometry* Amongst the recent methods* 
the appl i cab i l i ty of Moayeri's exact solution i s l imited 
to the part icular case of earth daa section with horizontal 
toe drain. The more recent method by Michael W. S te l lo 
(September 1987, ASCE) besides suffering from the d isabi l i ty 
that only two points on the phreatic surface could be obtai-
ned« gave locat ion of ex i t points in case of two exao^les 
of ver t i ca l core sections* which are found to be error by 
8.68 and 11.2 percent as compared to the true location of 
ex i t point as predicted by the f i n i t e element ana lys i s . 
The study further indicated that the top flow l ine 
as calcxilated by Casagrande's method* currently in vogue* 
i s considerably below i t s true locat ion as obtained by 
the f i n i t e elera^it analysis* in case of earth dam sections 
with f l a t t e r upstream face* resul t ing in the predicted 
pore pressure being l e s s than those occurring in the actual 
dam section and consequ«itly leading t o calculated factor 
of safety in the s t a b i l i t y analysis that would be higher 
than the true value of safety factor* and th i s in many 
cases may l u l l the design and construction engineer into 
a false sense of cOTnplacency as regards the safety of earth 
dams. Casagrande's method is found to be totally inadequate 
in case of vertical clay core with steep side slopes, as in 
sxach dam sections, it gives only two points, entiry and exit 
point, without any gviidance as to how these are to be joined 
to obtain the location of top flow line. The study further 
indicated that the length of downstream seepage face calcu-
lated by Casagrande *s method is considerably less than its 
true val\ie in most cases. Furthermore the contention of 
Casagrande regarding the location of starting point of the 
curve of top flow line is found to be not true. 
A rational method has been evolved which is capable 
of predicting the location of top flow line as well as the 
length of downstream seepage face, with a more reasonable 
degree of accuracy as conpared to that by the presently 
available methods and which is applicable to vertical core 
section as well as to earth dam sections with different 
types of internal drainage systems* 
parametric studies have been carried out to stvidy 
the effect of varioxjs factors such as slope of upstream 
face, slope of downstream seepage face and the length of 
seepage path as manifested by the value of XB/H on the 
gradient and location of top flow line, inclination of 
top flow line with the t5)stream face in the region close 
^ 
to entry polnt# exlstancc or otherwise o£ the point o£ 
Inflection and location of starting podLnt of curve of 
top flow line with respect to entry polnt# as well as on 
the length of downstream seepage face. An atten^t has 
been made to seardi for a logical explanation of the 
physical behaviour of the top flow line In all the above 
respects. 
A critical review of the varlotis methods for 
predicting the location of top flow line has been Inclu-
ded and scope for further work Is outlined. 
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ABSTRACT 
This stxjdy aims at determining the effect of various 
parameters which govern the geometry of an earth dam section 
resting on impervious foundation* on the domain of seepage 
flow in that earth dam section and to consequently present 
to the engineering profession the means of predicting the 
exigencies arising from the flow of seepage water. 
The finite element analysis was carried out on 96 
earth dam section, comprising vertical core sections as 
well as earth dam sections with different types of internal 
drainage system such as chimney drain, rockfill toe and 
horizontal toe drain. Different solution algorithm were 
used to determine the location of top flow line as well as 
that of exit point on the downstream seepage face# for each 
type of earth dam section. A rapid and good convergence was 
achieved in each case. 
It is indicated that the location of top flow line 
as predicted by the finite elemaat analysis in case of an 
earth dam with parabolic upstream face tallies almost exac-
tly with that obtained by Kozney*s theoretical solution. 
Also the length of downstream seepage face in case of earth 
dam with horizontal toe drain, as obtained by finite ele-
ment analysis, are found to exhibit remarkable similarity 
with available theoretical results of Moayeri's exact 
solution (May 1972, ASCE), indicating that the results being 
reported in this thesis may be used with confidence. 
The study indicates that the presently available 
methods for predicting the location of top flow line and 
the length of downstream seepage face are either not suffi-
ciently accurate or their applicability is limited to a 
pairticular bo\andary geometry. Amongst the recent methods, 
the applicability of Moayeri *a exact solution is limited 
to the particular case of earth dam section with horizontal 
toe drain. The more recent method by Michael w. stello 
(September 1987, ASCE) besides suffering from the disability 
that only two points <xi the phreatic surface could be obtai-
ned, gave location of exit points in case of two examples 
of vertical core sections, which are found to be error by 
8,68 and 11.2 percent as compared to the true location of 
exit point as predicted by the finite element analysis. 
The study further indicated that the top flow line 
as calculated by Casagrande *s method, currently in vogue, 
is considerably below its true location as obtained by 
the finite elem&it analysis, in case of earth dam sections 
with flatter upstream face, resulting in the predicted 
pore pressure being less than those occurring in the actual 
dam secticm and consequently leading to calculated factor 
of safety in the stability analysis that would be higher 
than the true value of safety factor, and this in many 
cases may lull the design and construction engineer into 
a false sense of complacency as regards the safety of earth 
dams, Casagrande's method is found to be totally inadequate 
in case of vertical clay core with steep side slopes* as in 
such dam sections* it gives only two points* entry and exit 
point* without any guidance as to how these are to be joined 
to obtain the location of top flow line* The study further 
indicated that the length of downstream seepage face calcu-
lated by Casagrande's method is considerably less than its 
true value in most cases. Furthermore the contrition of 
Casagrande regarding the location of starting point of the 
ctirve of top flow line is found to be not trxie. 
A rational method has been evolved which is capable 
of predicting the location of top flow line as well as the 
length of downstream seepage face* with a more reasonable 
degree of accuracy as con pared to that by the presently 
available methods and which is applicable to vertical core 
section as well as to earth dam sections with different 
types of internal drainage systems* 
Parametric studies have been carried out to study 
the effect of variotjs factors such as slope of upstream 
face* slope of downstream seepage face and the length of 
seepage path as manifested by the value of XB/H on the 
gradient and location of top flow line, inclination of 
top flow line with the \?>stream face in the region close 
to entry point* existance or otherwise of the point of 
inflection and location of starting point of c\irve of 
top flow line with respect to entry point, as well as on 
the length of downstream seepage face. An attempr has 
been made to seardi for a logical explanation of the 
physical behavioiir of the top flow line in all the above 
respects. 
A critical review of the various methods for 
predicting the location of top flow line has been inclu-
ded and scope for further work is outlined. 
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CHAPTER I 
INTRODUCTION AND SCOPE 
i.i INTRODUCTION 
i.i.i Definition 
Since the advent of civilization, mankind has 
always feared the destructive power of water. Out in the 
open, in the form of tides and floods, it is one of the 
most powerful forces of nature. Hidden in rock crevices 
and soil pores, it exerts unbelievable forces that tear 
down mountain sides and destroy engineering works. 
Seepage is the flow of water through the pores 
of soils and crevices of structure and rock, and every 
earth dam has to face the problem of seepage through 
and beneath it. The pressure of water in the pores of the 
soil if not properly controlled can pose serious threat to 
the security of earth dams and levees. The study of seepage 
in earth dams, therefore, is of paramount importance in the 
design and construction of earth dams. 
Earth dam designers have long been aware of the 
importance of controlling seepage of water through pores and 
cracks of earth and rock formations. When seepage is uncontro-
lled it may cause not only serious economic losses, but may 
also take many lives. Controlled it need not be feared. The 
reduction of seepage and development of effective drainage 
systems t o prevent harmful accumulation of excess water 
and consequent improvement in the safety of e ar th dam, is 
thus probably one of the most important a c t i v i t i e s of Earth 
dam design and cons t ruct ion engineers . 
1,1.2 Aim of the Study 
Although the fundamentals of groundwater flow 
were es tabl ished more than a century ago, i t i s only in 
more recent years t h a t the subject has met with s c i en t i f i c 
t rea tment . As a r e s u l t of t r i a l - a n d - e r r o r h i s tory of ground 
water flow theory, i t s l i t e r a t u r e is rep le te with empirical 
r e l a t i o n s h i p s . Exact solut ions have since been obtained 
in many such cases , however, these are e i t h e r very tedious 
t o apply or t h e i r app l i ca t ion i s l imited only t o ear th 
dam sect ions with a p a r t i c u l a r boundary geometry. 
Advocates of the empirical approach have long 
reasoned tha t the heterogeneous nature of so i l s i s such 
tha t rigorous analyses are not p r a c t i c a l . This i s not t rue ; 
as recent development in the science of so i l mechanics, 
coupled with more precise methods of subsurface s o i l 
explorat ions and improved method of construct ion have 
provided engineers with not only a g rea t e r insight into 
the behaviour of e a r t h dams subject t o ground water flow, 
but a lso with a subs t an t i a l measure of control over the 
qua l i ty of construct ion as well as on the property of 
material comprising the ear th dam s e c t i o n . . 
The aim of t h i s study i s primari ly to determine 
the effect of various parameters which govern the geometr^/ 
Of an ear th dam sec t ion , on the domain of seepage flow m 
t ha t ea r th dam sec t ion and t o consequently present t o 
the engineering profession the means of predict ing the 
exigencies a r i s ing from the flow of seepage water. The 
engineer can now formulate working so lu t i ons , which not 
only r e f l e c t the i n t e r ac t ion of the various flow factors , 
but a l so allow him t o gauge the extent of uncer ta in t ies 
of h is des ign. 
The spec i f i c problems in the design of earth 
dams, which are t o be dea l t with can be divided in to three 
p a r t s : 
1, Def in i t ion of flow domain 
2 , Estimation of the quant i ty of seepage 
3 , S t a b i l i t y a n a l y s i s 
Since t h i s s tudy d e a l s s p e c i f i c a l l y wi th seepage in ear th 
dams, the problem of s t a b i l i t y of an e a r t h dam s e c t i o n 
s u b j e c t t o seepage f o r c e s w i l l be cons idered as solved 
once t h e top flow l i n e has been c o r r e c t l y l o c a t e d , because 
now wi th the flow domain fu l ly d e f i n e d , t h e flownet can be 
e a s i l y drawn and hence t h e pore p r e s s u r e s in the flow domain 
as w e l l as the q u a n t i t y of seepage flow can be e a s i l y 
de t e rmined . 
1.2 NEED FOR CONTROL OF SEEPAGE 
1.2 .1 The Consequences of Uncon t ro l l ed Seepage. 
The wate r s to red behind on e a r t h dam always 
seeks t o escape and t h u s g ives r i s e t o seepage problems, 
which creat serious d i f f i c u l t i e s and in severe cases can 
lead t o t o t a l f a i l u r e . When an e a r t h dam f a i l s , the 
consequences are l i k e l y t o be g rea t loss of l i f e and 
grea t property damage because of the sudden release of a 
large volume of water, often with l i t t l e and no advance 
warning. About one quar te r of the fa i lu re of e a r l i e r 
dams were caused by seepage problems, and t h i s indicates 
a high level of uncer ta in ty in the design of seepage 
control measures in case of e a r l i e r dams and serves to 
emphasize the importance of analysing seepage and designing 
e f fec t ive measures for i t s c o n t r o l . 
Besides water flowing over the tops of earth 
dams during great r i v e r floods when spillway capaci t ies 
were inadequate, the two other p r inc ipa l causes of catastrophic 
f a i lu re are 
1. Piping - the progressive erosion of leaks which 
develop under or through an ear th dam. I t is 
caused by the migration of so i l pa r t i c les to 
free e x i t s or into coarse openings, induced 
mainly by the lack of f i l t e r protect ion and 
a var ie ty of other d e f e c t s , 
2 . Earth S l ides in the downstream portion of the 
embankment - These are caused oy uncontrolled 
seepage pa t te rn t ha t lead t o sa tura t ion , 
in te rna l flooding, excessive upl i f t or excessive 
seepage forces . 
Piping, or the progressive erosion of concentrated 
leaks has caused a larger number of catastropic failures than 
any other action except overtopping, and many of the modern 
techniques of earth dam design and construction have been 
developed to prevent it. 
Mechanics of Piping : As water seeps through 
the compacted soil of an embankment, the pressure head is 
dissipated in overcoming the viscous drag forces which resist 
the flow through the small soil pores. Conversely, the seeping 
water generates erosive forces which tend to pull the soil 
particles with it in its travel through and under the dam. 
The resisting forces depend on the cohesion, the interlocking 
effect, and the weight of the soil particles, as well as on 
the action of downstream filter, if any. If the forces 
resisting erosion are less than those which tend to cause it, 
the soil particles are washed away and piping commences. 
Concentration of seepage quantity and velocity may develop, 
in certain cases, even though the total seepage may be small, 
and at places where these concentration emerge on the downstream 
side of the dam, the erosive force on the soil particles are 
the greatest. The removal of a small portion of the embankment 
by erosive action at any point accentuates the subsequent 
concentration of seepage and erosive forces there. 
Most of the serious trouble from piping has resulted 
from progressive backward erosion of concentration leakes which 
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develop through the dam. The erosion s t a r t s at a point 
w*here seepage water discharges and works towards the 
r e se rvo i r , gradually enlarging the seepage channel un t i l 
i n t h e f ina l s tage , complete f a i l u r e occurs. 
Sloughing : Progressive sloughing (or revaling) 
i s a type of damage, c losely r e l a t ed t o piping, which may 
occur in homogeneous dams. The process begins when a small 
amount of material a t the downstream toe erodes and produces 
a small slump or miniature s l i d e . I t leaves a relaxively 
s teep face, which becomes sa tura ted by seepage from the 
r e se rvo i r and slumps again, forming a s l i gh t ly higher and 
more unstable face. This reval ing process continues un t i l 
the remaining port ion of the dam i s too th in to withstand 
the water pressure and complete f a i l u r e occurs suddenly 
as the reservoir breaks through. 
Failure of t h i s type t akes place only when whole 
downstream port ion of the dam has been saturated. In sloughing 
f a i l u r e s concentrated leaks of measurable size may or may not 
develop, but i t i s possible for the t o t a l quantity of leakage 
t o remain small u n t i l j u s t before f a i l u r e . In some cases 
of t h i s type of f a i l u r e , the time between the f i r s t indication 
of sloughing at the downstream toe and complete fa i lure was 
only a few hours and u n t i l the r e se rvo i r broke through the 
dam there was l i t t l e leakage, so t h a t the whole content of 
the rese rvo i r was released to form one large flood wave 
downstream. 
Earth slides in downstream portion of earth 
dam are caused by excessive saturation, seepage forces, and 
uplift pressures. When water accumulates in constructed 
earth embankments faster than it is drained away, deterio-
ration and failure may occur. Uncontrolled seepage reduces 
the margin of safety of the downstream slope against shear 
slides because high pressures develop in the pore water 
near the downstream toe. It has been considered advisable 
at several major dams to limit the maximum reservoir storage 
after unexpectedly high pressures at the downstream toe were 
measured in piezometers. Moreover, if the natural surface 
layer is relatively impervious, and if the pore pressures 
exceed the weight of the overburden, it is possible for the 
layer to "heave". 
Deep downstream slop slides nearly always takes 
place during full or almost full reservoir and frequently 
reduce the free board by extending further upstream than the 
upstream edge of the crest. The internal pore water pressures 
which cause deep slides are the result of seepage from reservoir 
through the dam. After a slide takes place, there is no relief 
in this pressure. The unstable vertical slide scrap left 
standing often sloughs or slides again until it breaches the 
dam and releases the reservoir water in one great flood wave. 
Complete failure in many such cases could only be averted 
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either by making a cut in the embankment at some suitable 
place and emptying the entire reservoir in the least 
possible time, and if this is not feasible, atleast by 
pulling the reservoir level down at a more rapid rate than 
the slide moved. This is essential to ensure that the 
reservoir is drawn down before the crest level sank lower 
than the water in the reservoir, and consequently causing a 
cut back through the dam, and releasing a flood wave resulting 
in complete failure of the dam. 
1.3 METHODS FOR C0NTR0LLIN3 SEEPAGE A m IMPORTANCE OF 
FLCWhET STUDIES IN THE DESIGN AND CONSTRUCTION OF 
EARTH DAMS 
1.3.1 General 
Powerful though the forces of water may be, 
earth dim sections subjected to seepage flow can usually 
be made safe by, (i) keeping the water out of the places 
where it can cause damage, and (ii) controlling the seepage 
water, that does enter, by drainage methods. 
There are three basic methods for controlling 
seepage : 
1, Seepage reduction 
2 , Use of f i l t e r t o prevent piping and heave 
3, Drainage 
Normally, these three methods are used in combination 
1.3.2 Reduction of Seepage 
Seepage reducing methods make use of r e l a t i v e l y 
impermeable elements such as clay core , cut off e t c , which 
consume energy at loca t ions within the cross-sec t ions wrtiere 
large pressures and seepage forces can have no detrimental 
e f f e c t . The net r e s u l t of these measures i s tha t water 
pressure and seepage forces are reduced in the c r i t i c a l 
ex i t reg ions . These seepage reducing features are usually 
used in combination with properly designed f i l t e r s and 
drainage fea tu res , because seepage reduction alone may be 
only p a r t i a l l y e f f e c t i v e . 
Flow net s tudies are required t o gauge the 
eff iciency of various seepage reducing methods as regards 
t h e i r a b i l i t y t o improve the safety of ear th dam and control 
seepage flow, 
1.3.3 Use of F i l t e r s to prevent Piping and Heave 
Water t h a t perculates through earth dams exerts 
seepage forces on the s o i l p a r t i c l e s in the d i rec t ion of 
flow and if these forces are large enough, i t can carry 
s o i l p a r t i c l e s t h a t are free t o migrate . At points inside 
the zoned dam vrtiere water discharges from an impervious core 
of fine mater ial in to outer pervious she l l of coarse material, 
if the pore spaces in the pervious zone are large enough, 
the f iner erodible s o i l pa r t i c l e s may be washed in to the 
void spaces of coarser mater ia l . Along the unprotected 
discharge face a t the downstream face of the dam, the so i l 
wi l l heave, if the gradients are large enough. 
Consequently, drainage surface of erodible soi ls 
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must be covered with special protective layers of intertoediate 
gradation, to prevent any possibility of appreciable migration 
of soil particles. These zones, called filters are constructed 
of sands and gravels. The two principal requirements for a 
satisfactory filter are that it must be more pervious than 
the protected soil in order to act as a drain, and it must 
be fine enough to prevent particles of the protected soil 
from washing into its voids. 
Length of downstream seepage face in earth dams, 
where filters are required to be provided can be obtained 
by drawings flow nets, A more accurate method for determination 
of the length of downstream seepage face in an earth dam 
section is proposed in para 4,2. 
Many of the problems associated with the design 
of adequate filters and drains stem from the need for satisfying 
two conflicting requirements. 
i. Piping requirements - The pore space in drains and 
filters that are in contact with erodible soil must be small 
enough to prevent particles from being washed in or through 
them, 
2, Permeability requirement - The pore space in drains 
and filters must be large enough to impart sufficient perme-
ability to permit seepage to escape freely and thus provide 
a high degree of control over seepage forces and hydrostatic 
pressure. 
11 
Bertram^ ' conducted laboratory experiments at 
the Harvard Graduate School of Engineering had varified that 
the following Criteria, Suggested by Tersaghi, were conservative: 
D^^ (of filter) 
Dg^ (of soil) 
D^^ (of filter) 
Dj_5 (of soil) 
< 4 or 5 (1.1) 
> 4 or 5 (1,2) 
In Eqs. 1.1 and 1.2 the subscripts 15 and 85 refer to percentage 
finer by weight than grain size D. The ratio of D,- of a 
filter to Dge of a soil is called the piping ratio. The 
first requirement of filters and drains is that they must 
be safe with respect to erosion and clogging. Equation 1.1 
must be satisfied to enusre that filters will prevent piping, 
whereas equation 1.2 ensures that filters will be substantially 
more permeable than the soil they protect and thus prevent 
the build up of large seepage forces and hydrostatic pressures 
in filters and drains. The work of Bertram has been followed 
by experiinents by the U.S. Army corps of Engineers ^^^  (1941), 
by the U.S. Bureau of Reclamation^^^ (Karpoff, 1955), and 
others. 
Wide spread experience has indicated that when 
the basic filter criterion expressed by equation 1.1 is 
fulfilled in every part of a graded filter, piping cannot 
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occur under even extremely large hydraulic g r a d i e n t s , 
1,3.4 Drainage Methods 
Drainage methods depend on the introduct ion of 
highly permeable discharge elements in to the c ross - sec t ion . 
The purpose of such a dra in i s two fold: ( i ) t o reduce the 
pore water pressure in the downstream portion of the dam 
and hence t o increase the s t a b i l i t y of the downstream slope 
agains t s l i d ing , and (2) t o control any seepage water that 
e x i s t s a t t h e downstream port ion of the dam in such a way 
t h a t the water does not carry away p a r t i c l e s of the embankment 
s o i l . 
The effect iveness of the dra in in reducing pore 
pressure depends pr imari ly on i t s locat ion and ex ten t . Piping 
on the other hand i s control led by making sure tha t the gradu-
a t ion of the pervious mater ia l from which the drain i s 
constructed meets the f i l t e r requirements of the embankment 
material (Para 1 .3 .3 ) , 
To be e f fec t ive in reducing pore pressure , the 
d ra ins must permit discharge of seepage water without excessive 
head l o s s . As described above, vide para 1,3,3, the following 
c r i t e r i o n i s used for ensuring t h a t f i l t e r s wi l l be more 
previous tha t the s o i l they p r o t e c t , 
D^^ (of f i l t e r ) 
> 4 or 5 (1.2) 
° i 5 ^°^ s o i l s ) 
Engineers have often assumed tha t if the above 
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criterion is satisfied, seepage forces and hydraulic pressures 
in filter and drains will always be negligible. This is not 
always true and that drains frequently must be analysed 
hydraulically to establish their capabilities for meeting 
discharge needs, 
Taylor (4) has pointed out that permeability is 
approximately proportional to (Dj^ )^ and that the seepage 
forces per unit volume of a filter meeting criterion specified 
by equation i.2 will therefore be roughly 1/16 to i/25 of 
those existing in protected soils. 
In general, equation 1.2 ensures that filters 
and drains will be about 16 to 25 times more permeable than 
protected soil and will discharge seepage freely in drainage 
situations in which flow is across the narrow dimension of 
the filter into considerably more pervious material which 
remove the water, such as earth dam with rockfill toe etc. 
In these cases relatively large areas and steep hydraulic 
gradients are available for the discharge of seepage and 
criterion given by equation 1,2 is generally applicable. 
However, in cases when a project's design features limit 
the hydraulic gradients in drains to small amounts and only 
small areas are available for discharge of seepage, such 
as downstream horizontal drain in an earth dam where water 
must flow through the drain under relatively small hydraulic 
gradients and through comparatively small cross-sectional 
areas, equation 1,2, does not necessarily ensure adequate 
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discharge capacity, and the drain should be designed as a 
hydraulic conductor and their water-removing capacities 
should always be evaluated by application of seepage 
principles. Estimates should be made of the probable 
rates of inflow, and liberal factors of safety should be 
used to allow for uncertainties inherent in permeability 
determinations. 
The total quantity of seepage that must discharge 
through a drain can be evaluated from the flow net analysis 
in which it is assumed that the drains have infinite permeabi-
lity. For a horizontal drain, it should be ensured that the 
line of seepage does not rise to the top of drain, 
1,4 STUDY OF SEEPAGE IN EARTH DAMS - A CRITICAL REyiEW 
The problem of seepage in earth dams is characterized 
by the fact that the flow domain is unconfined as the upper 
boundary of the flow domain is a free surface and is not 
known before hand. This is in contrast to those flow domains 
where all the boundaries are known initially and the flow is 
said to be confined. 
The problem of determining the position of top 
flow line in the body of an earth dam is almost as old as 
the basic law of motion of ground water proposed by Darcy^^^ 
in 1856. As early as in 1863 Dupuit proposed the theory of 
unconfined flow, '^ich stems from the following two assumptions 
first made by Dupuit^^^. (i) for s..«ll inclinations of the 
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l ine of seepage the streamlines can be taken as horizontal 
and hence the equ ipo ten t i a l l ines approach the v e r t i c a l , 
and (2) the hydraul ic gradient i s equal t o the slope of 
the free surface and i s invarient with depth. Thus, the 
v a l i d i t y of Dupuit ' s assumptions in a given flow s i tua t ion 
i s highly contingent on the steepness of the l ine of seepage. 
Although the nature of these assumptions appear paradoxical, 
in many ground water problems so lu t ions based on the Dupuit 
assumptions compare favourably with exact so lu t ions , 
(-7) (a) 
Forchheiraer^ ' and Polubarinova - Kochina^ ' 
2 demonstrated tha t for Dupuit theory, the function h (where 
h i s piezometric head ie the sum of pressure head and 
e leva t ion head at any point inside the flow region) , must 
sa t i s fy Laplace equat ion, Dupuit s tudied seepage flow 
with a free surface through an ear th dam on an impervious 
base on the basis of above assumptions and obtained a 
parabola for the free surface . Later , Dupiut 's assumptions 
were used by other inves t iga tors t o study the problem of 
seepage througii ear th dams with var ious drain condi t ions . 
The f i r s t approximate method tha t accounts for 
the development of the surface of seepage in an earth dam on 
impervious base was proposed independently in 1916 by 
Schaffernak^^^ and Van Iterson^^^^who obtained a re la t ionship 
between the length of downstream seepage face L in an earth 
dam sec t ion , with slope of downstream seepage face a 
"D/s, 
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r e se rvo i r water depth H and XB/H (Fig l . i a ) . Unlike 
Dupuit ' s solut ion the parabolic free surface for t h i s 
case i s tangent t o the downstream slope and hence sa t i s f i e s 
the emergence condit ions for the l i ne of seepage as given 
by L. Casagrande^^"^' and A, Casagrande^ ' , For the 
entrance - condit ion correct ion a t the upstream slope, 
A Casagrande^''" ' recommended t h a t the s t a r t i n g point of the 
l ine of seepage be taken at a point E, on the reservoir 
water surface , a t a dis tance 0,3 H Cot 9 /^ upstream of 
the ent ry point D (Fig l . i ) . The ac tua l entrance condition 
is then obtained by sketching in an smooth are normal t o 
upstream face at entry point D and tangent t o parabolic free 
sur face . 
Taking exception t o Dupui t ' s second assumption 
tha t the hydraulic gradient i s equal t o the slop dy/dx of 
the free surface, L. Casagrande^ ' analysed the same problem 
as Schaffernak and Van I terson with the hydraulic gradient 
equal t o dy/ds, where S i s measured along the free surface. 
He obtained the length of downstream seepage face L as a 
function of S instead of D as in the e a r l i e r case, where S 
i s the length of the l ine of seepage and D = XB + 0.3 H Cot 
®u/s* ^ ° ^ "^ ^^  above re la t ionsh ip Casagrande argued that 
the length of l ine of seepage d i f f e r s but l i t t l e from the 
s t r a i g h t l ine dis tance between the toe of the earth dam and 
s t a r t i n g point of the parabolic free surface on the reservoir 
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water surface, which may be used as a f i r s t approximation 
and may be considered su f f i c ien t in other than extra-ordinary 
circumstances, A so lu t ion of the above re la t ionsh ip between 
L and H, GU/ and S, which avoids the above approximation 
in obtaining the length of l ine of seepage was obtained 
by Gilboy^^"^' in 1933. A modified form of t h i s solut ion 
(14) i s presented by Harr^ ' . 
/ I t : ) 
Pavlovsky^ ' considered the dam to be divided 
into three zones. He assumed the upstream section (I) to 
be bounded by the upstream slope and the Y axis passing through 
the upper edge of the upstream slope, the central section (II) 
by the Y axis and a vertical line through the discharge point of 
the free surface, and the downstream section (III) by the latter 
vertical line and the downstream slope. 
The streamlines in zone I are known to be 
curvilinear; however, Pavlovsky assumed that they may be 
replaced by horizontal stream lines of almost equivalent 
length. Then assuming purely horizontal flow in zone I, 
he obtained the seepage discharge through zone.I, For zone 
II, Pavlovsky used Dupuit's formula to obtain an expression 
through this central zone. Assumption of horizontal flow is 
again made for zone III to obtain expression for seepage 
discharge. From the above three relationships Pavlovsky 
obtained coordinates of the line of seepage at two locations, 
one where it cuts the Y axis and the other where it intersects 
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the downstream face . 
The above method of fragments as developed by 
Pavlovsky^ ' and as extended by Harr^ ' i s an approximate 
method of seepage ana lys i s and can be used for determining 
seepage quan t i t i es and two points on the phreatic surface 
for embankments with verying side s lopes , heights and cres t 
widths . Later on Michael W. Ste l lo^^^^ divided a typ ica l 
embankment sect ion i n t o five fragments and using respective 
seepage formulae for each fragment as given by Harr, obtained 
r e s u l t s which when compared with published flownets indicated 
t h a t the preliminary r e s u l t s are not sa t i s fac to ry because errors 
as much as 100^ were encountered. This i s not surpris ing since th. 
need for a correct ion fac tor when using approximate methods 
based on Dupuit*s formula has long been recognized by the 
• (16) profession^ , 
Kozeny^ ' studied the problem of seepage through 
an ear th dam with a parabol ic upstream face- and a horizontal 
underdrain res t ing on an impervious base . Using conformal 
mapping, he recognized t h a t the required correspondence between 
the Z ie x-y plane and W ie (p - ^ plane wil l be provided by 
2 
the function Z = C'.V , where C i s a constant , and obtained a 
parabola for the free sur face . 
Based on Kozney's exact so lu t ion , an approximate 
method for determining the pos i t ion of the free surface in 
dams of t rapezoidal cross sec t ions was suggested by A, 
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(12) Casagrande^ ' in 1937. He suggested a parabola for the 
free surface tha t has i t s focus a t point B and passes through 
a point E on the r e se rvo i r water surface which is a t a 
d is tance 0,3 H Cot 0 / , upstream of the entry point D 
(Fig i . l ) . The loca t ion of the s t a r t i n g point of the parabolic 
free surface at a d i s tance 0,3 H Cot 9 / , upstream of entry 
point D, was suggested as an average value to allow for the 
devia t ion of the upstream slope from the parabolic face assumed 
in Kozeny's so lu t ion . The entrance condition i s adjusted by 
sketching in a smooth are normal t o the upstream slope and 
tangent t o the parabol ic free su r face . By constructing flow 
nets in the v i c in i ty of down stream seepage face, with varying 
slopes Or./ t Casagrande obtained, the correct ion t o be applied 
t o the in tercept between the focus B and the point where the 
base parabola i n t e r s e c t s the downstream seepage face, t o obtain 
the locat ion of the emergence point of the l ine of seepage, 
Polubarinova - Kochina^ ' presents a solut ion 
for the posi t ion of the free surface which was obtained by 
( ] Q ) 
Numerov^ ' i n 1942, Although Numerov's approach may give 
the solut ion in p r i n c i p l e , approximations were used t o obtain 
the resu l t ing equat ions . Using Numerov*s solut ion, enough 
n o ) 
computation were car r ied out by Shankin^ ' t o plot graphs 
from which the coordinates along the free surface and seepage 
quan t i t i e s may be obtained, 
Moayeri^ ' obtained an exact solution t o the 
9 0 
problem of seepage in an ear th dam sect ion with a hor izontal 
toe d ra in and has shown t h a t Numerov's so lu t ion give larger 
values of length of seepage face L/H at each value of XB/H, 
but the difference decreases as the slope of upstream face, 
0 / . i nc reases , Moayeri a l so compared the free surface 
u / s ' 
p ro f i l e obtained by h i s study with those obtained by Casagrande»s 
method and Numerov's equation and has shown tha t for 9 /^ = 45 
the free surface p ro f i l e obtained by Casagrande's method follows 
the r e s u l t of his study b e t t e r than a prof i le obtained by the 
Numerov equat ions. This , of course, i s not general ly t rue for 
a l l values of 9 / , as Mayori*s r e s u l t s indicate t h a t the 
u / s ' ' 
Casagrande's method i s not a good approximation when values of 
9 / and XB/H are smaller than, respect ively 45 and one. It 
i s a l s o indicated t h a t the Y - coordinates along the free 
surface calculated by Numerov equations are la rger than those 
obtained by Mayori, but the difference i s very small in the 
v i c i n i t y of the d r a i n . (21) Jeppson^ formulated the problem of seepage 
through earth dams in the complex po ten t i a l plane and solved 
z 
the f i n i t e difference form of the Laplace equation V Y = Q 
in the ( p - Y plane by an i t e r a t i v e process . The free surface 
obtained by Jeppson was i d e n t i c a l , a t l eas t for one example 
t o t h a t obtained by Numerov every where except in the v ic in i ty 
of the upstream face, where there was a very small deviat ion. 
A number of invest igators^^2,23) ^^^^ ^^^^ ^^^^ 
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of inverse hodograph and conformal mapping t o obtain 
a n a l y t i c a l so lu t ions for seepage from di tches of various 
geometry. Moayeri^ ' made use of t h i s theory of inverse 
hodograph and Conformal mapping t o obtain an exact solution 
to the problem of seepage through homogeneous and isotropic 
ear th dams with a hor izonta l toe d r a i n . Earth dams with 
the angle between the upstream face and horizontal equal to 
15°, 30°, 45°, 60° and 90° are considered. The r e su l t s 
are pa r t ly given in the form of graphs, from which the 
quant i ty of seepage, the length of the drain and the unknown 
parameters, t ha t are necessary for ca lcu la t ion of the 
coordinates alsong the free surface , can be obtained. 
The pos i t ion of the point of i n f l e c t i on on the free surface 
depends upon both va r iab les XB/H and Q^/g- Fo^ ^ ^ given value 
of 9 / , the in f l ec t ion point approaches the entrance point 
D (Fig 1.1) as_XB/H decreases . Moayeri p lot ted a curve which 
gives a def in i te value of XB/H for a given value of slope of 
upstream face © /«.» a t which the in f l ec t ion point disappears. 
Spec i f i ca l ly , points above t h i s curve corirespond t o conditions 
where there i s always an in f lec t ion point on the free surface, 
while a point below t h i s curve represents a condition wrfiera 
an in f l ec t ion point i s absent . Although Moayeri has obtained 
an exact solut ion t o the problem of seepage in earth dam section 
with hor izontal toe drain and has p lo t ted graphs which give 
unKnown parameters tha t are necessar/ for ca lcula t ion of the 
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coordinates along the free surface , which t o a large extent 
eleminate the necess i ty of tedious ca lcu la t ions involved in 
his so lu t ion , however, h is exact so lu t ion is l imited t o earth 
dam sec t ions with hor izonta l toe d ra in only, 
Michael W, Ste l lo^ ' used the method of fragments 
as developed by Pavlovsky^ ' and as extended by Harr^ ' 
for ca lcu la t ing the quant i ty of seepage flow and c r i t i c a l 
points on the phrea t ic surface . He divided a typ ica l embank-
ment sec t ion in to five fragments instead of th ree and used 
respec t ive seepage formula for each fragment as given by 
Harr^ ' t o obtain the so lu t ion . By modifying the entrance 
and e x i t fragments he obtained a close approximation for flow 
net ana lys is and presented his r e s u l t s in the form of Charts 
for rapid determination of seepage quan t i t i e s and two c r i t i c a l 
points on phreat ic surface, t o aid in the ac tual flow net 
cons t ruc t ion . Michael W. Ste l lo^ ' reported tha t in comparison 
t o flownet solut ion, the Charts give an average e r ro r of -8?o 
for the locat ion of emergence po in t . He argued tha t considering 
the profess ion ' s i n a b i l i t y t o economically estimate permeabilities 
accura te ly except within an order of magnitude, the charts give 
sa t i s f ac to ry r e s u l t s for rapid checks on seepage quant i t ies 
and the locat ion of the phreat ic l i n e . 
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i . 5 LOCATION OF TOP PLOT LINE IN AN EARTH DAM SECTION 
ON L'APERVIOUS BASE 
1 ,5 ,1 Importanca of De te rmina t ion of True Locat ion of Top 
Flow Line 
The wa te r s t o r ed behind a darn always seeks t o 
e s c a p e . When seepage t a k e s p lace th rough a l a r g e mass of s o i l 
as an e a r t h dam, t h e upper boundary l i n e commenly known as top 
flow l i n e , seepage l i n e o r p h r e a t i c l i n e , which i s required 
for drawing t h e f lownet i s not known before hand 
For an e a r t h dam composed of homogeneous mater ia l 
l oca t ed on a founda t ion of impervious m a t e r i a l t h e seepage 
l i n e w i l l cut t h e downstream face above the base of t h e dam, 
u n l e s s , o fcourse , s p e c i a l d ra inage measures a re adop ted . If 
t h i s l i n e i s al lowed t o i n t e r e s e c t t h e ou t s ide downstream 
face much above t h e t o e , more or l e s s s e r i o u s s loughing may 
t a k e p lace and u l t i m a t e f a i l u r e may r e s u l t . I n t e r n a l drainage 
p r o v i s i o n s are made in such e a r t h dams t o avoid t h e emergence 
of l i n e of seepage on downstream s lope and consequent erosion 
or p ip ing of t h e embankment m a t e r i a l . Hor i zon ta l underdra ins , 
chimney d r a i n or a r o c k f i l l t o e , which a t t r a c t t h e l i n e of 
seepage t o impinge on them, a re o f t en provided in e a r t h dams t o 
t ake care of t h i s con t ingency . In as much as toe dra inage tends 
t o p u l l t h e l i n e of seepage in from downstream s l o p e , i t can 
be l oca t ed so as t o p reven t t h e l i n e of seepage from coming 
w i t h i n a s p e c i f i e d d i s t a n c e from t h e downstream s l o p e . True 
l o c a t i o n of t o p flow l i n e i s necessa ry t o t e s t t h e e f f icacy 
of t h e i n t e r n a l d r a i n a g e system in t h e above r e s p e c t . Flow 
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net studies and hence determination of location of seepage line 
is also required in all such cases to estimate the quantum 
of seepage flow which the internal drainage system will be 
required to cater to. In case of impervious caly core in 
rockfill dams the downstream filter drain takes care of the 
seepage discharge. Length of downstream seepage face in 
case of vertical clay core, where such filter drains are to 
be necessarily provided is also required to be determined, 
A fairly accurate method for calculating the length of 
downstream seepage face in case of vertical clay core as well 
as in case of earth dam section with different types of internal 
drainage system is proposed vide para 4,2. 
Furthermore an inaccurate determination of the 
location of seepage line may result in predicing pore pressure 
which are different from those occurring in the actual dam section, 
and this may lead to the calculation of the factor of safety 
in the stability analysis, which may be at varienca with the 
actual correct values. 
Considerable experience has been acquired in 
designing, building and maintaining earth dams under most 
varied conditions. The principal dimensions of earth dams, 
which are specified on the basis of experience (slope of faces, 
impervious clay core, drainage etc) must be checked by statical 
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and seepage calculations, for which the position of seepage 
line and the flow net must be determined. 
The accurate determination of free surface, 
coramenly known as the top flow line, seepage line or phreatic 
line, therefore, is of prime importance for the safe design 
of earth dams. 
1,5,2 Need for a New Method for Predicting the True Location 
of Top Flow Line and the Length of Downstream Seepage 
Face. 
The need for evolving a reliable method capable 
of predicting the true location of the top flow line in an 
earth dam section arises from the fact that presently available 
methods to date, are either not sufficiently accurate or their 
applicability is limited to a particular boundary geometry. 
Among the recent methods, the applicability of 
Moayeri's^^^' (/Aay 1972, ASCE) exact solution is limited to 
the particular case of earth dam sections with horizontal toe 
drain. More recently Michael W. Stello^^^^ (September 1987, 
ASCE), using the method of fragments and modifying the entrance 
and exit fragments, made a close approximation for flownet 
analysis and has presented his results in the form of charts. 
His results, however, suffer from the disability that only two 
points on the phreatic line can be obtained from the above 
seepage charts. Moreover for the emergence point on the phreatic 
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l ine his seepage char t s give an average e r ro r of -8% in 
comparison t o flownet so lu t ions . 
In deal ing with the seepage of water through earth 
dams, where a free surface is p resen t . Civ i l engineers have 
t r a d i t i o n a l l y r e l i e d on the graphical method of flownets, and 
have often based t h e i r theory on Dupui t ' s assumptions. The 
most commonly used method current ly in vogue for determination 
of the locat ion of top flow l ine in an ear th dam section is 
the method proposed by Casagrande. However the location of top 
flow l ine in case of ear th dam sec t ion with r e l a t i ve ly f l a t t e r 
upstream face, as obtained by Casagrande's method, is conside-
rably below the t r u e locat ion of top flow l ine in that earth 
dam sec t ion (Para 3 . 2 , 4 ) . The pore pressures obtained from 
the flow net drawn on the basis of top flow l ine calculated 
by Casagrande»s method, the re fore , would be less than the 
t rue value of pore pressure tha t would ac tual ly be developing 
in tha t ear th dam s e c t i o n . A lower value of predicted pore 
pressures would consequently r e su l t in enhancing the calculated 
value of shear s t rength and wi l l give a value of factor of 
safety in the s t a b i l i t y analysis t h a t would be higher than the 
ture value of the safety fac tor . This in many cases may lu l l 
the ear th dam design and construct ion engineer into a false 
sense of complacency as regards the safety of the earth da-n. 
Again, and more important ly, as shown with the 
help of two examples vide para 4 , 1 . 3 , the casagrande's metnod 
is t o t a l l y inadequate in case of v e r t i c a l clay core with steep 
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side slopes, because in such dam sections, it gives only 
two points entrance and emergence point without any guidance 
as to how these are to be joined to obtain the location of 
top flow line. 
The above discussion leads to the inescapable 
conclusion that search for a new method for obtaining the 
true location of top flow line is simply unavoidable, 
1,5,3 Parameters effecting the Location of Top Flow 
Line and the Length of Downstream Seepage Face 
The parameters which determine the profile of 
a homogeneous earth dam section resting on impervious 
foundation and consequently determine the location of top 
flow line as well as the length of downstream seepage face, 
as shown in Fig l.i are; 
(i) Slope of upstream face, © / 
(ii) Slope of downstream seepage face, 6U/ 
(iii) Length of Seepage path in an earth dam section 
as manifested by tue value of XB/H, 
Finite element analysis of 96 earth dam sections 
was carried out to study the effect of the above parameters 
on the location of top flow line, as well as on the length of 
downstream seepage face. The above mentioned earth dam 
sections are formed by various possible permutations and 
combinations of the various values of the above parameters 
(Para i.s). The location of top flow line and the length 
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of dovmstream seepage face as obta ined by the f i n i t e element 
a n a l y s i s of above e a r t h dam s e c t i o n , as wel l as t h a t ca lcu la ted 
by Cas sag rande ' s method a re p resen ted in the form of graphs , 
A l o g i c a l e x p l a n a t i o n os a l s o g iven fo r the e f f e c t of the 
above t h r e e pa ramete r s on the l o c a t i o n of t o p flow l i n e and 
on the l eng th of downstream seepage face as obta ined by the 
above t\vo methods (Chapte r 3) 
1,6 FINITE ELEMENT f/ETHCD -
SOLUTION AL30RITH.M 
The f i n i t e element method i s a q u i t e r ecen t 
development . Courant^ ^ (1943) proposed the method although 
the name ' f i n i t e element* was not a t t a ched a t t h a t t i m e . The 
''25) 
method rece ived i t s name as i t was in t roduced by Turner e t al'* ' 
(1956) , as a method fo r solving problems in s t r u c t u r a l ana lys is 
by us ing a s e r i e s of f i n i t e e lements fo r approximating a 
(26) 
s t r u c t u r - ? . The t e rm 'FE.M* was in t roduced by Clough^ ' (I960; 
(27) for t n e f i r s t t i m e . The worK of Argyris^ ' (1965) and h i s 
a s s c c i a t s s imoarted s i g n i f i c a n t imoetus t o t h e method by proDosinc 
f 28 '^  
a s s o c i a t e d energy p r i n c i p l e s , Ziensiewicz^ ' (1970) played a 
s i g n i f i c a n t r o l e i n development of t he n^thod with regard t o 
s t r u c t u r a l problems and a l s o i n d i c a t e d t h e p o t e n t i a l usefulness 
of the methco in g e o t e c h n i c a l e n g i n e e r i n g . 
A t t ens ion t o t h e s o l u t i o n of seepage by the f i n i t e 
element method nas been paid s ince 1965, wnen ZienKiewicz and 
^neung ' puo i i snea t h e f i r s t pacer on tne ground ^ a t s r 
seepage a n a l / s i s under hyd rau l i c s t r u c t u r e s . This paper with 
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another work written by Zienkiewicz, Mayer and Cheunge^ 
in 1966, fully proved the advantage of using the finite 
element method for the numerical solution of complex seepage 
flow problems. 
The seepage analysis carried out by the finite 
element method is considered very simple for confined flow. 
In case of unconiined flow the solution is considerably 
complicated by the fact that a part of region boundary is 
created by the free surface, the position of which is not 
known before hand. The problem of determinirsg the free 
surface was first dealt with by Taylor and Brown^" ^ (1967) 
ana Finn^"^^ (1967), who used a simple iterative procedure 
to determine the free surface as part of analysis during 
the solution process. Neuman and Witherspoon''" • (1970) 
stated that in some cases the Taylor and Brown method divergea, 
and suggested a more complicated two step iterative technique. 
Kazda^^^'' (1978) showed that in the Neuman and Witherspoon 
method, the convergence is influenced by the length of free 
surface and the solution diverged in case of a homogeneous 
dam with a toe arain (founded on a layer of impervious soil), 
wners the length of free surface is large. In the case of 
Taylore and Brown method the iterative convergence is mostly 
effected by setting the boundary condition in the node C, at 
exit point, wnicn is a singular point, Kazaa opiaied that the 
divergence may be removed if the node C is taken as part 
of seepage face 3 (Fig i.i). in any iterative ste 3, the new 
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position of exit point node C, is obtained by extrapolation 
of adjecent nodes on the free surface. The above procedure 
needed modification in cases where the calculated position 
of the free surface extended beyond the physical limits of 
the flow region, as in case of earth embankments without 
internal drainage. Another problem arises when part of the 
free surface becomes essentially vertical as in the case of 
earth dam section with horizontal toe drain. The procedure 
for shifting the top flow line in each iteration is described 
vide para 2.4,3. 
1,7 OBJECT FTES 
The present study aims at the following objectives: 
1. To study the effect of various parameters i;e (i) 
slope of upstream face SU/S, (ii) Slope of do'/mstream seepage 
face 6D/S, and (iii) the length of seepage path as manifested 
by XB/H, on the following aspects of the location and natura 
of top flow line in a homogeneous, isotropic earth dam founced 
on an imcer'/ious base: 
(i) Gradient of top flow line in the central region 
(ii) Entry condition - inclination of top flew line to tne 
upstream face 
(iii) Existance or otherwise of inflection point 
(iv) Location of top flow line 
(v) Starting point of curve of top flow line 
^* "^^ study the variation of the length of dowristrsaT 
seepage face, separately '^th each of the above three parameter: 
i;e eu/S, aD/S and XB/H. 
3. To compare the location of top flow lir.e and the 
element a n a l y s i s with t h a t c a l c u l a t e d by Casagrande ' s method, 
4 , To a t t empt a l o g i c a l exp lana t ion f o r t h e v a r i a t i o n , 
i n the l o c a t i o n and o t h e r a s p e c t s in case of t o p flow l i n e 
and in t h e l e n g t h of downstream seepage f a c e , wi th each of 
t h e above t h r e e parameters i ; e e u / S , S D / S and X B / H . 
5 . To evolve a r a t i o n a l method of a n a l y s i s capable 
of p r e d i c t i n g t h e l o c a t i o n of t o p flow l i n e and t h e length of 
downstream seepage f a c e , in v e r t i c a l core of r o c k f i l l dam and 
e a r t h dam s e c t i o n s with chimney d r a i n , r o c k f i l l t o e and h o r i z o n t a l 
t o e d r a i n , with a r easonab le degree of accuracy as compared t o 
t h e a v a i l a b l e methods. 
i . 3 CASES STUDIED 
The fo l lowings 96 e a r t h dam s e c t i o n s were analysed 
by the f i n i t e element method, 
T^ble i , i 
Type of Ear th dam 
S e c t i o n 
S lope of D / S 
Seepage face 
QD/S 
Slope of U/S 
XB/H Face, OU/S 
1 , V e r t i c a l Core /Ear th 
dam s e c t i o n wi thout 60 
i n t e r n a l d r a i n 
2 , Earth dam s e c t i o n wi th 
Chimney d r a i n go"" 
3 , Earth dam s e c t i o n with 
r o c k f i l l t oe 135^ 
4 , Earth dam s e c t i o n wi th 
Hor izonta l t o e d r a i n 180° 
0 . 3 , 1.5 15^ , 30° as^ 
2 . 0 , 3 . 0 60°, 75° , 90° 
- do -
- do -
- do -
- do -
- do -
- do -
Thus the v e r t i c a l core s e c t i o n in a r o c k f i l l dam, and e a r t h 
dam s e c t i o n s wi thou t i n t e r n a l d ra inage as we l l as wi th 
d i f f e r e n t t y p e s of i n t e r n a l d ra inage systems such as chimney 
d r a i n , r o c k f i l l t o e and h o r i z o n t a l toe d r a i n a r e a l l included 
in the s t u d y , 
1.9 SCOPE OF TI-IE THESIS 
The f i r s t c h a p t e r of t h e t h e s i s p r e s e n t s a b r i e f 
account of t h e c i t i c a l a s p e c t s of problem of seepage involved in 
t h e des ign of e a r t h dams and g ive s a review of important work done 
in t h e f i e l d of p r e d i c t i n g l o c a t i o n of t o p flow l i n e , d e s c r i b e s 
t h e l i m i t a t i o n s of t h e conven t iona l methods in so lv ing such problem:: 
and def ines t h e o b j e c t i v e s of work presented in t h e t h e s i s . 
The second c h a p t e r g ive s t h e f i n i t e element fo rmula t ion and 
s o l u t i o n a lgo r i t hm fo r l o c a t i n g t h e t o p flow l i n e in v e r t i c a l 
core and e a r t h dam s e c t i o n s wi th d i f f e r e n t t y p e s of i n t e r n a l 
d ra inage sys t ems . The t h i r d c h a p t e r p r e s e n t s t h e r e s u l t s of 
f i n i t e element a n a l y s i s of 96 e a r t h dam s e c t i o n and gives a 
l o g i c a l e x p l a n a t i o n fo r t h e l o c a t i o n and behaviour of d i f f e r e n t 
a s p e c t s of na tu r e of t o p flow l i n e as wel l as fo r the v a r i a t i o n 
of l eng th of downstream seepage face with s lope of U/S face 
GU/S, s lope of D / S seepage face 6D/S and l e n g t h of seepage 
path as manifested by X B / H . The four th c h a p t e r desc r ibes 
t h e l i m i t a t i o n s of t h e p r e s e n t l y a v a i l a b l e methods and p resen t s 
a method of a n a l y s i s v^ich i s capable of p r e d i c t i n g the 
l o c a t i o n of t o p flow l i n e and l eng th of downstream seeoaae 
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face, with a more reasonable degree of accuracy than by other 
available methods, in case of vertical core, earth dam section 
with different types of internal drainage systems. Lastly 
the fifth chapter summarizes the conclusions of the study and 
indicates the scope for further work on the subject. 
{ a ) - VERTICAL CORE ( b) - CHIMNEY DRAIN 
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" / ^ , ^ p / % 
l ^ X B 
; c ) - ROCKFILL TOE ( d ) - HORIZONTAL TOE ORAIN 
r lG. 1.1- EARTH DAM SECTIONS WITH OR WITHOUT INTERNAL DRAINAGE 
SYSTEM 
35 
CHAPTER 2 
FINITE ELEMENT METHOD - SOLUTION ALGORITHM 
2.1 INTRODUCTION 
2.1.1 General 
The forgoing discussion in Chapter 1 on the need and the 
various methods of reduction and control of seepage serves to 
emphasize the necessity and importance of analysing seepage and 
designing effective measures for its control. 
The principal dimensions of earth dams, such as slope of 
faces, internal drains etc, are specified on the basis of expe-
rience and therefore, these must be checked by statical and 
seepage calculations. In order to perform these calculations 
the position of seepage line in the dam body and the flownet 
must be determined. The position of seepage line in the dam 
body must also be known, in order to determine the optimum loca-
tion of drainage, so as to ensure that the drainage, serves its 
primary purpose of preventing efflux of seepage into the open 
discharge face and also that of lowering the seepage line, so 
as to increase the distance between the seepage line and the 
down stream face. The determination of seepage discharge through 
the body of the dam, apart from giving an estimate of loss of 
water from the reservoir, is necessary particularly for the 
design of drainage. 
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When seepage takes place through a large mass of soil 
as an earth dam, the upper boundary line, which is required for 
drawing the flownet and consequently estimating the seepage dis-
charge through the earth dam, is not defined. Instead its posi-
tion is fixed by seepage in the same way as the depth of flow 
is fixed in an open channel by flow considerations. For an 
earth dam composed of homogeneous material located on a founda-
tion of impervious material the seepage line will cut the down 
stream face above the base of the dam, unless of course, special 
design measures are adopted. If this line is allowed to inter-
sect the down stream face of an earth dam, above the toe, more 
or less serious sloughing may take place. Special measures 
such as provision of a horizontal drain at the base on the down 
stream side of an earth dam, a chimney drain or a rcckfill toe, 
are usually adopted to take care of this contingency. 
Furthermore an inaccurate estimation of the seepage line 
may result in predicting pore pressures which are different from 
those occurring in the actual dam section and this may lead to 
the calculation of factor of safety in the stability analysis, 
which may be in variance with the actual correct values. 
The accurate determination of the free surface, commenly 
known as the top flow line, seepage line or pheriatic surface, 
therefore, is of prime importance for the safe design of earth 
dams* 
2.1,2 Traditional Methods of Analysis 
In dealing with the seepage of water through earth dams 
and embankments under steady state conditions where a free 
surface is present, civil engineers have traditionally relied on 
the graphical method of flow nets [Casagrande^-^"^', 1940, p.295, 
Cedergren'"^^^, 1967]. In analyzing flow to wells in unconfined 
aquifers, ground water hydrologist have often based their theory 
on Dupiut assumptions. Exact analytical methods of handling 
such problems have been developed but are often difficult to 
apply* Extensive treatments of these latter methods are given 
by Harr^^ "*^ [1962]; Polubarinova-Kochina^ ^^ [1962]; Aravin and 
Numerov^^^^ [1965]; and Bear et al.^^^^ [1968]. All these 
methods are limited to flow systems where the porous medium is 
relatively uniform and the boundary conditions are not too 
complicated. 
In many practical problems, however the degree of hetero-
geneity and anisotropy that the engineer encounters in the field 
may be such, that these traditional methods are extremely diffi-
cult to apply unless certain simplifying assumptions are made. 
Only one example of a sequence of homogeneous layers that are 
nonuniformly anisotropic may be sufficient to realize the limi-
tations of the traditional approach. This approach is further 
restricted to flow systems with relatively simple boundary 
configurations. 
These difficulties have led to the recent development of 
numerical methods that has enabled earth dam designers to analyze 
complex systems by using high speed digital computers. Finnemore 
and Perry^^^^ [1968] have adapted the relaxation technique of 
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Shaw and Southwell^^^^ [1941] to the computer in analyzing 
seepage through an ea r th dam. Another f i n i t e difference appro-
ach to steady s t a t e seepage with a free surface has been des-
cribed by Jeppson.^^^''^*'^-^''^^''*^*'*'*'^^^ His methods requi res 
t h a t the flow region be transformed, in to another domain tha t 
l i e s in the plane of the ve loc i ty p o t e n t i a l and stream function. 
Since he i s deal ing with non- l inear equa t ions , he obtains a 
so lu t ion using the Ganss-Siedel i t e r a t i v e method of successive 
over r e l a x a t i o n . His method seems to be l imi ted to systems with 
simple geometries where transformation process can be car r ied 
ou t . In systems composed of two i r r e g u l a r l a y e r s , h i s method 
i s r e s t r i c t e d to homogeneous i so t rop ic mediums or anisot ropic 
mediums, both l aye r s of which have the same horizontal to ver-
t i c a l p e r m e a b i l i t i e s ' [ J e p p s o n ^ ^ ^ , 1968] . I t seems tha t h is 
method i s fu r the r r e s t r i c t e d because the axes of anisotropy 
must be p a r a l l e l in a l l p a r t s of the flow domain. 
2 .1 .3 F i n i t e Element Method 
While the f i n i t e element method was t e s t ed and extensively 
developed for s t r u c t u r a l and sol id mechanics problems, i t was not 
admitted as a powerful too l for the so lu t ion of f lu id mechanics 
problems u n t i l l , r e c e n t l y . There appears to be several reasons 
for t h i s , the important one being the success achieved with the 
more t r a d i t i o n a l f i n i t e difference procedures in solving problems. 
The la rge investments made in highly developed software for the 
implementation of the f i n i t e difference methods may have been 
the main reason for the re luc tance to look for a l t e rna t ive methods. 
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Thus the application of the finite element method to fluid 
mechanics problems represents a relatively recent development. 
Attention to the solution of seepage by the Finite 
Element Method has been paid since 1965, when Zienkiewicz and 
Cheung^ ' published the first paper on the ground water seepage 
analysis under hydraulic structures. This paper with another 
work written by Zienkiewicz, Mayer and Cheung^ ' in 1967 has 
fully proved the advantage of using the Finite Element Method 
for the numerical solution of complex seepage flow problems. 
Th® seepage analysis carried out by the finite element 
method is quite simple for confined flows. However in the case 
of unconfined flows the solution is considerably complicated by 
the fact that a part of the region boundary is created by the 
free surface, the position of which is not known before hand. 
The problem of determining the free surface was first dealt with 
by Taylor and Brown^^^^ (1967) and Finn^^^^ (1967) who used a 
simple iterative procedure. 
Neuman and Witherspoon^ ^ (1970) stated that in some 
cases the Taylor and Brown method diverged, and suggested a 
more complicated two step iterative technique. However, this 
technique also could not be regarded as reliable in all cases. 
Taylor, France and Zienkiewicz^"^^^ (1973) solved a great number 
of typical flow problems of steady and transient seepage by the 
Finite Element Method. Kazda^ '^^ '^ '^ ) (1978, 1977) modified the 
Taylor and Brown method to solve a number of seepage problems 
in earth dams. 
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2.2 FLOW IN POROUS MEDIA 
2 .2 .1 Darcy 's Law 
The problem of f l u i d flow or seepage through porous 
media a r i s e s in the following s i t u a t i o n s 
( i ) Flows towards w e l l s , d i tches and canals 
( i i ) Aquifer ana lys i s 
( i i i ) Flow through ear th and r o c k f i l l dams and 
foundations 
( iv ) Underground disposal of l i q u i d wastes and d i s -
persion of contaminants through s o i l s and rocks 
The seepage problem can be of confined or unconfined (or free 
surface type . The flow of water through ea r th can be assumed 
to be an i r r o t a t i o n a l flow since there w i l l be no ro t a t i on and 
d i s t o r t i o n of the f l u i d p a r t i c l e s during t h e i r movement. Most 
formulations of seepage flow have been based on Darcy*s Law 
which s t a t e s tha t the macroscopic flow v e l o c i t y i s proportional 
to the hydraul ic g rad ien t in the d i r e c t i o n of the flow. The 
constant of p r o p o r t i o n a l i t y i s termed as the coef f ic ien t of 
pe rmeab i l i ty . Thus, Darcy^s law in th ree dimensions can be 
s t a t ed as 
"=-^.ii' ^'-\^v' - - ' ^ z i (2-1) 
where u,v and w are the components of seepage velocity and 
k , k and k are the coefficient of permeability in x,y and 
z directions respectively and (J) is the fluid potential or the 
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piezometric head ( ( j ) = S + z ; p = p re s su re , y = speci f ic 
weight, z = e l eva t ion head) . I t i s assumed tha t x,y and z 
axes denote the p r inc ipa l axes of permeabi l i ty . Equation (2.1) 
i s va l id for creeping flows with very small values of Reynolds 
number. This makes the e f f e c t of i n e r t i a terms in the Navier-
Stokes equat ion neg l ig ib le compared to the v i s c o s i t y terms. In 
s i t u a t i o n s where t h i s assumption i s not v a l i d , tha t i s when the 
flow behaviour i s non l inea r , a non-Darcy law has to be used. Two 
nonlinear r e l a t i o n s are genera l ly used for t h i s purposes: 
T* = au + bu , e tc 
4* = cu" , etc 
where a, b, c and m are material constants. 
2.2,2 The Governing Equations 
The continuity equation for an incompressible fluid is 
given by 
By substituting Equation (2.1) into Equation (2.2) the governing 
differential equation for a saturated flow is obtained as, 
l;(^xl|) -|y(^lf) *li(^zl|) =° (2-3) 
If there is a recharge (quantity of fluid added per unit time) Q, 
Equation (2.3) becomes 
l7(^.|^) - | y ( ^ ^ ) - | ; ( ^ , | | ) - Q = 0 (2.4) 
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Note that pumping will be considered as a negative Q. 
For an unsteady flow, the governing equation will be 
^ ( ^ |i)+d(j^ M)+|^^(k M ) + Q = a | | (2.5) 
dx ^  X dx'' dy ^  y oy' dz ^  z oz' ^ dt 
where a denotes the spec i f ic storage for confined flow and 
the e f fec t ive poros i ty divided by the aquifer thickness for 
unconfined flow. 
The boundary condi t ions appl icable are as follows: 
( i ) D i r i c h l e t Condition 
^ = ^Q on SQ (2.6) 
( p o t e n t i a l or head prescr ibed on the boundary SQ) 
( i i ) Neumann Condition 
^ ^ i x - N l f ^ y ^ ^ H ^ . *=><*' =0 on S, 
or - v„ + q = 0 on (2.7) 
n ^ 
Where i t i t i^ are the d i r ec t i on cosines of the outward drawn X y z 
normal to the boundary Sw, v i s the v e l o c i t y of the f luid 
moving out of the domain ( i n the d i r e c t i o n normal to the boundary 
S^) and q i s the speci f ied value of v (F ig . 2 , 1 a ) . 
2 .3 FINITE ELEMENT FORMULATION 
Physical s i t u a t i o n s in which the behaviour i s e s sen t i a l l y 
two-dimensional f requent ly a r i s e . In such cases the representa-
t i ve d i f f e r e n t i a l equat ion (2,4) can be w r i t t e n as 
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Sr^'^.f^) * l y ( S l 7 > ^«(=<'^) = ° <^ -«> 
Where, 
k , k * Coeff ic ient of permeabi l i ty in x and y d i rec t ions 
* y 
r e spec t ive ly 
h = hydraulic head (a p o t e n t i a l function) = ^ + z 
"T^  = the component of hydraul ic grad ien t in the 
x -d i r ec t i on . 
dh 
= the component of hydraulic gradient in the 
y«direction 
Q(x,y)= a source or sink terms in units of discharge per 
unit area; Q is positive in case of a recharge 
, (quantity of fluid added per unit time). Pumping 
is considered as negative Q. 
A problem equivalent to the problem described by 
equation (2.8) together with appropriate boundary conditions 
can be formulated using the calculus of variations. To employ 
N 
this method the coefficient a. for a function h = I a. f(x,y), 
^ i=l ^ 
where f(x,y) is some assumed function of x and y, are found 
such that the function of h minimizes the functional, I, 
described by 
^ = /{ tK^x l^^ ^ ^ ^ 0 ^ ] - Q ^ ] -^^ y 
+ / q h ds ( 2 . 9 ) 
S 
where I = functional 
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q = discharge per unit length across and normal 
to an element boundary 
A = area of region 
S = a line along which q is specified 
However, a single relationship which may be assumed for h, 
and which provides for an accurate solution to a given boundary 
value problem over the entire region, is not usually available. 
Therefore, the region is divided into subareas called finite 
elements for each of which an approximate function for h can 
be assumed* 
In order to make the minimization directly tractable for 
numerical solutions, without resort to numerical integration the 
region is divided into triangular elements, and the variation of 
potential function h, over each element is taken to be planer. 
The simplest representation is clearly given by the linear poly-
nomial 
h = a^ + a2 X + a-j y (2.10) 
Hence the p o t e n t i a l ' s u r f a c e ' over an element can be expressed 
in terms of the three nodal values of p o t e n t i a l function and the 
coordinates of the nodes. F ig , 2.1b shows a t r iangular element 
defined by nodes i , J and m numbered in anticlockwise order. 
The d i s t r i b u t i o n of h over t h i s element i s defined by 
h = [ N^, Nj ,Njjj ]\hj\ (2.11) 
h 
m 
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where the nodal values of the potential function for element 
e are listed as a vector 
{^r 
\ ' ' 
and the elements of the coefficient matrix are 
N. 
N 
N 
m 
in which 
= (a^^ + b^ X + c^ y ) / 2 A 
= ( a j + bj X + Cj y ) / 2 A 
= ( a ^ + b„ X + c^ y ) / 2 A 
m m m 
j 'm m ' j 
' i = y j - ^m = Yjm 
i m J mj 
with o t h e r c o e f f i c i e n t s o b t a i n e d by a c y c l i c pe rmuta t ion of 
s u b s c r i p t s in the o r d e r , i , j , m, and 
2 A d e t 
1 x^ y^ 
m m 
= 2 ( a r e a of t r i a n g l e ijra) 
Equa t ion 2 .11 i s o b t a i n e d by t r e a t i n g the t h r ee nodal 
v a l u e s of p o t e n t i a l as known, and i n s e r t i n g the nodal coo rd ina t e s 
in equa t ion ( 2 . 1 0 ) and s o l v i n g the r e s u l t i n g t h r e e equa t ions for 
the th ree unknown v a l u e s a^, a^ and a^* S u b s t i t u t i o n of the 
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expressions obtained for a , , 02 and a^ in to equation 2,10 
and rearranging the r e s u l t s y i e l d s equation 2 . 1 1 . With the 
nodal values of h now de f in ing , uniquely and continuously, 
the function h throughout the region, the ' f unc t iona l ' I 
can be minimized with r e spec t to each unknown nodal value of the 
p o t e n t i a l func t ion . The r e s u l t i n g equations are solved simul-
taneously to y ie ld des i red nodal values of po t en t i a l function. 
The funct ional for the region can be considered as the 
sura of the funct ional for each element. Because the po ten t ia l 
over an element i s defined completely by the e lement 's three 
nodal values of p o t e n t i a l , a minimization equation for a node 
involves only the elements t h a t contain t h a t node. 
This process i s bes t accomplished by eva lua t ing , f i r s t 
the con t r ibu t ions to each d i f f e r e n t i a l , such as d l / dh . , from a 
typ ica l element, and then assembling the f i n a l minimization 
equations by adding the con t r ibu t ions of each element and 
equating them to zero . In matrix nota t ion the minimization 
equation for the typ ica l element of f igure 2.1b i s 
e ^ 
= i (2.12) 
m 
An element of the column vector in equat ion 2.12 as obtained 
by d i f f e r e n t i a t i n g equation 2.9 i s 
dl® _ rrf}, dh ^ /^hv ^ u dh d /dhx ^ dh ^ ^ 1^ 
^ •'A 1 ^ "5^ " ^ ^ y ^ ^ ^^^ - Q ^  ^'^^yj-' 
/ q f g d s (2.13) 
^1 
where integration in equation 2.13 is limited to the area of the 
element e. When the values of h as defined by equation 2.11 
are substituted in equation 2.13, it becomes 
>Te r dN. dN. dN„ r .e dN. 
dN, dN. dN„ , ,e dN, ^ 
- // Q N, dxdy + / q N. ds (2.14) 
A S "• 
or, 
+ ky [c^, Cj, c j [h] ci) dxdy 
- " ^ // Q (a^ + b^ X + c^ y) dxdy 
+ ^  / q (a^ + b^ + Cj^  y) ds (2.15) 
A 
Any element contributes to only three of the differentials 
associated with i t s nodes. These contributions are l i s ted in 
Equation 2.12, The resu l t s of equation 2.15 and of two other 
similar different ia t ions can be written as 
^ ] = [ K ] { h f - [if (2.16) 
Which is a form identical to that in which the stiffness and 
distributed force components of an element are written in 
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structural problems. 
The matrix [K] is now easily written. If k and k are 
A J 
taken as constants within the element then the integration is 
simply carried out. Noting again that over the area of the 
element 
/J dxdy = A 
t h i s reduces to 
u] = k 
''i'^m 
b j b j 
"j^m Vj 
4A 
^i^i 
C^Cj 
^i^m 
CjC^ 
' j ' m 
ro 1 
m J 
m ra 
(3.17) 
or h^j = (k^ b^bj + k^  c^Cj)/4A 
which, as in structural problems, is symmetric. 
(3.18) 
If Q i s assumed cons tant within and element and q i s 
assumed constant over the length L of element side (or sides) 
adjecent to node i for which q i s spec i f i ed , the vector 
I F I i s given by 
1^ }' Q A _ qL (2.19) 
The terms » in equation 2.19 are non zero only if q is 
specified for an element side adjecent to a node. 
2,4 SOLUTION ALGORITHM 
2.4.1 Unconfined Seepage through an Earth Dam 
In contrast to the case of confined flows in whicn the 
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boundary of the region is fully known before hand, the problem 
of seepage in case of unconfined flows can not be formulated 
directly as a boundary value problem in the physical plane, 
because it is complicated by the fact that a part of region 
boundary is created by the free surface, the position of which 
is unknown a priori, but has to be determined as part of the 
analysis during the solution process. 
In case of an earth dam the conditions to be satisfied 
at the free surface FS are 
(i) Since the free surface is a stream line, the flow across 
the free surface in the normal direction is equal to zero, and 
this imposes the condition 
1^ = 0 (2.20) 
to the satisfied at the free surface F, 
(ii) In addition, since the free surface is exposed to atmos-
phere, the pressure at the free surface may be taken as zero for 
convenience. As 
h = p/x + y (2.21) 
where Y is the specific weight of water, p is the pore 
water pressure, y is the elevation above some horizontal datum, 
the value of total potential head h on the free surface F is 
given by 
h = y (2.22) 
Thus, the second condition to be satisfied is that the total 
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potential head h, at any point on the free surface F is 
equal to the elevation head y at that point from any reference 
surface. 
Boundary conditions in the form of prescribed heads and 
non-zero quantity of flow can be dealt with easily in the finite 
element formulation. More difficult circumstances arise when 
there is a free surface F as in case of an earth dam. Free 
surface for steady flow is determined usually by using iterative 
procedures. The location of the free surface F is first guessed 
and then modified successively on the basis of the values of water 
pressure heads p/y computed at each step of iteration. The 
boundary conditions of no flow across and of the total head equal 
to the elevation head at the free surface F, equations 2.20 and 
2.22, are varified at each step, and the procedure is carried out 
untill the movements of free surface F become essentially neg-
ligible. 
A typical problem of seepage flow through an earth dam 
is shown in Fig. 2.1(c). The domain R represents the flow 
region that generally has four types of boundaries as indicated 
below. 
(i) a prescribed head boundary fT t The upstream face AD 
of the earth dam (porous domain) is called water boundary. Since 
hydrostatic pressure acts on this boundary, the total head 
^ = y + Yr along the faces can be taken to be constant and 
equal to the elevation of the water surface. Thus this boundary 
represent equipotential line along which h = constant. 
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(ii) a prescribed flux boundary f^" * ^^ ^^® foundation is 
impervious, the value of |^ can be taken as zero along the 
surface AB. Such boundaries are called impermeable boundaries 
and represent stream lines. 
(iii) the free surface, F: The water seeping through the 
pervious earth dam has a phreatic (free) surface. This surface 
shown by the line of seepage CD in Fig. 2.1(c), is called the 
free boundary. Since the pore pressure is equal to the atmosphe-
ric pressure along the line CD, the total head along the free 
boundary is taken as h * y where y denotes the elevation 
head. Also, as the flow across the free surface is zero, the 
free boundary represents the upper stream line of the flow domain. 
(iv) a seepage face S: The face along which the water seeps 
out of the soil into the air is known as seepage face, S (face 
BC in Fig. 2.1 c). Since the pressure along this boundary is 
equal to the atmospheric pressure, the total head is taken as 
h = y, where y denotes the elevation of the point. This boun-
dary is neither a streamline nor an equipotential line. 
Since the location of the free surface F, is not known, 
the boundaries of the solution region are not known completely 
in this problem. Hence an iterative procedure is usually adopted 
in locating the free surface. The procedure starts with an 
initial guess about the location of the free surface. On the 
basis of the values of the fluid heads h, computed at each 
iteration, the location of the free surface is modified. The 
boundary conditions along the free surface (Equations 2.2c and 
52 
2.22) are varified at the end of each iteration. The procedure 
is carried out untill the movement of the free surface during 
any two consequtive iterations becomes negligibly small. The 
finite element grid also has to be modified in each iteration. 
2,4,2 Theoretical Considerations Governing Equation and 
Boundary Conditions 
Steady potential flow in an incompressible, nonhomogeneous 
anisotropic porous continuum is described in the two dimensional 
case by the following self-adjoint partial differential equation 
Where the total head h is defined as a sum of elevation above 
datum plane and pressure head. In equation 2.23 the permeability 
coefficients in horizontal and vertical directions k^  and k 
are functions of coordinates x,y. It is assumed that the seepage 
continuum is generally non-homogeneous and anisotropic in such a 
manner that axes of anisotropy are parallel to coordinate axes. 
Unless the latter assumption is fulfilled, a transform of the 
components of the permeability tensor is carried out by turning 
the axes of anisotropy in the direction of global axes. Further 
it is assumed that the water flows into or out of the considered 
domain R only across its boundary S. In case of earth dams 
these assumptions are fulfilled in all respects. 
The common boundary conditions occurring in the flow 
problem can be expressed as: 
(i) Dirichlefs boundary Condition on part of the boundary 
^ 
53 
h = hD (x,y) (2.24) 
(ii) Neumann's boundary condition on part of the boundary 
^ ¥j.* \ 1$ ^ *"=° <^ -''' 
where hD (x,y) i s the p rescr ibed p o t e n t i a l on the boundary 
Sj^, l and i are d i r e c t i o n cosines of the outward normal 
to the boundary Sj, on which the flow i s prescr ibed , and q 
i s the prescr ibed i n t e n s i t y of flow. The condit ion in Equation 
2.24 i s ca l l ed the p o t e n t i a l or head boundary condit ion, and 
t h a t in Equation 2.25 i s c a l l ed the flow boundary condit ion. A 
prescr ibed v a r i a t i o n of f l u i d head on -^e upstream face of the 
dam, i s an example of the p o t e n t i a l boundary condit ion and vani -
shing of flow across the impervious base, represent the flow 
boundary condi t ion . 
The boundary value problem defined in such a manner may 
be transposed in a v a r i a t i o n a l problem, 
Kh) = ^ / { k ^ ( | ^ ) % y | ^ ) ^ } d R + / q h d r (2.26) 
Equation 2.23 i s E u l e r ' s equation for the functional 1(h) 
so t ha t the function h minimizing 1(h) gives the solut ion of 
the boundary value problem. The minimum of the functional 1(h) 
i s searched by means of a numerical method, namely by the f i n i t e 
element method. 
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2.4.3 Iterative Techniques 
A typical problem of flow through an earth dam is shown 
in Fig. 2.1(c) where R represents the flow region that gene-
rally will have the following four kinds of boundaries: 
(i) a prescribed head boundary fT , which represents the 
upstream face, 
(ii) a prescribed flux boundary f^ , which in this case is 
the surface of the impervious layer, 
(iii) a free surface F, the position of which is not known 
before hand. The entry point D of the free surface is 
known and the exit point C must lie on seepage face S 
(iv) a seepage face S, the exact length of which is not known 
before hand. 
The boundary value problem can be described by the 
following set of equations 
h » H on r^ (2.28) 
^ i ^ - S^^y ' ° - fi (2.29) 
h * y = "^(x) 
•^x dx ^ x ^ > dx S 
s imul t ane ou si y 
^ on F 
(2.x) 
(2.31) 
h = y on S (2.32) 
Here, -^  is introduced in equation 2.X to represent the 
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elevation of the free surface above the horizontal datum plane 
from which the head is measured. 
In this problem h and "f are both varients at the same 
time. However, in the finite element approach, it is necessary 
that the flow region be fixed in order that the minimization 
process can be carried out. This leads to an iterative proce-
dure in which the position of the free surface is fixed at the 
beginning of each iteration i.e. "f becomes invarient during 
each iteration. 
Since the true position of F is unknown, only one of 
the two boundary conditions (2.30) and (2.31) can be satisfied 
at a given time. Thus, because it is not, in general possible 
to satisfy conditions (2.30) and (2,31) simultaneously, it is 
necessary to assume a location of F, set either condition (2,30) 
or (2,31) and successively adjust F untill both conditions 
(2.x) and (2.31) are satisfied. 
A simple technique of creating the iterative process has 
(31) (22) 
been used by Taylor and Brown^ ' and Fin^ '. In this essentia-
lly variational approach, an initial approximation of the free 
surface ^ = "5 (x) is chosen and then a new boundary value 
problem is solved 
h = H = constant on \T (2,34) 
h = y = constant on S (2,35) 
dh c , ,- dh 
X f ? ^ -^  ^ f 9 ^ = 0 '^^  n (2.36) 
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''x 15 ^ * \ 37 ^  = ° °" °^ '^ -^ ^^  
in the domain R^ = R^ + [Y + 1 ^ + S + F° where F° i s 
t h a t p a r t of the boundary formed by the f i r s t approximation 
of the f ree su r face . 
This problem can be transposed to a v a r i a t i o n a l problem 
and solved by minimizing the funct ional (2.26) using the f i n i t e 
element method described e a r l i e r . The free surface i s t rea ted 
as a non-flow boundary and the seepage face as a prescribed head 
boundary, during each i t e r a t i o n . The r e s u l t i n g solut ion wi l l be 
the function 
This so lu t ion wi l l not genera l ly sa t i s fy the condit ion 
h^  "^  = y on F . Therefore the condit ion may be used for the 
cor rec t ion of the free surface approximation: 
^ ( 1 ) = p j^(l) (2.38) 
where p is a coefficient close to 1, the value of which 
may be changed during iteration. -^ ^ ' defines the new position 
F^  ' of the free surface approximation, and for the new domain 
R^  ' changed in this manner, the boundary problem (equations 2.33 
to 2.37) is again solved. The iteration procedure is continued 
untill the following criterion is satisfied 
, (i+1) (i), 
2 I h - ? I 1 € (2.39) 
where e is the required accuracy of the approximation of the free 
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surface. 
Since the true length of the seepage face S is initially 
unknovm, an incorrect prescribed head boundary is imposed on the 
flow region, and this tends to retard convergence of the solution 
( 31^ 
on F in the vicinity of S. Taylor and Brown^ ' report an 
ambiguity effect in the vicinity of the seepage face. An ambi-
guity in specification of these conditions must exist where the 
free surface, F, intersects the downstrean seepage face at C, 
because the nodal flow at this point cannot be zero. Taylor and 
Brown minimised this difficulty by reducing the mesh size adja-
(33) 
cent to that point. Neuman and Witherspoon^ ' have also shown 
that the above mentioned iterative procedure is of poor numerical 
stability and can diverge mainly in point C in which the appro-
ximation of the free surface intersects the seepage face. 
The iterative method of Finn^ ' is essentially similar 
to that of Taylor and Brown, and he would have experienced the 
same difficulty had he not confined himself to those problems 
where the free surface meets the seepage face tangentially. In 
determining the position of the exit point (i.e. the intersection 
of F and S), the shifting procedure of Finn relies on the 
calculated position of the free surface extending beyond the 
physical limits of the flow region. Such a procedure does not 
always 
seem applicable to those situations where the free surface/remains 
within the flow region (e.g., homogeneous dam with a toe drain). 
( 33) 
Neuman and Witherspoon have made an attempt to elimi-
nate this difficulty by using a more complicated two step procedure. 
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Since the true position of F is unknown, only one of the two 
boundary condition (2.30) and (2.31) can be satisfied at any 
given time. For the first step of the iteration, Neuman and 
Witherspoon adopted boundary conditions (2.30) and (2.32) and 
set h = ^ on F and h = y on S. 
In the first step the boundary value problem is solved, 
h = H = constant on fT (2.41) 
h = y on S° (2,42) 
h = y = ^ on F° (2.43) 
where F° is again the first approximation of the free surface. 
The problem is then solved by the finite element method 
to determine the flux q on the seepage face S°. Now to 
satisfy boundary condition (2,31) h is no longer considered 
to be fixed on F and S, Instead for the second step of 
iteration, Neuman and Witherspoon used the prescribed value of 
flux on F, i.e. considered the free surface as the no flow 
boundary, and used the calculated values of q on S and thus 
treated both F and S as known flux boundaries. Thus in the 
—o 
second step the region R remains unchanged and a new boundary 
problem is solved 
h = H on fY 
^ t ^ f x * ^ l 7 ^ = 0 on 17 
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(2.46) 
(2.47) 
(2.48) 
(2.49) 
The results will satisfy the boundary condition (2.28), (2.29) 
and (2.31) but not necessarily (2.30) and (2.32). If equation 
(2.30) is not satisfied with an acceptable error, the final 
step of the iteration is to shift the position of the free 
surface in an appropriate manner such that equation (2.30) is 
satisfied as closely as possible. This determines a new posi-
tion for the free surface and the entire procedure is repeated 
untill jh - t | <, € everywhere on F, where € is the pres-
cribed error tolerance. A special problem arises during the 
second step of the iterative procedure at the particular nodal 
point where F and S intersect. During the first step of the 
iteration, the seepage discharge as calculated for this point 
represents the flux across both F and S in the neighbourhood 
of the point. For the second part of the iteration, however, 
knowledge of only that portion of seepage discharge that flows 
across S is required. It is not possible to calculate this 
portion of seepage discharge exactly, but if the elements in the 
vicinity of the intersection of F and S are sufficiently 
small, it is more convenient to approximate this portion by sett-
ing it equal to one half of the value of seepage discharge that 
was obtained at the adjacent nodal point on S. 
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(31) The iterative procedure introduced by Taylor and Brown^ 
is very simple and may be well coded. It is sufficient for the 
program used for the solution of potential confined seepage flow 
to be completed by a subroutine correcting the free surface 
approximation on the basis of the results of the preceding 
iteration step. The Neuman and Witherspoon method is more 
complicated and necessitates considerable modifications of the 
basic program. 
(34) Kazda tried to solve a problem of determining free 
surface in a homogeneous dam with a toe drain (founded on a 
layer of impervious soil) by means of Neuman and Witherspoon 
and found that the computations diverged and it was not possible 
to determine the free surface. Kazda, therefore, opined that 
in the Neuman and Witherspoon method a good convergence can 
generally be obtained, only when the domain is short in the 
direction of flow and the length of the free surface is small. 
The influence of the free surface length on the convergence 
of Neuman and Witherspoon method can be explained. In the first 
step of each iterative cycle Dirichlet's boundary condition 
(equation 2.43) is introduced on the free surface approximation. 
In that way on a part of the boundary F representing the free 
surface the unknown flux q is implicitly introduced. The 
smaller this flux will be, the nearer will be the approximation 
to the correct shape. The longer F will be in comparison with 
the upstream face \T and seepage face S, the greater will be 
the influence of the flux q on the iterative convergence. If 
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the first approximation is significantly different from the true 
position of the free surface, a divergence of the iterative pro-
cedure may occur. 
In the case of Taylor and Brown method the iterative 
convergence is mostly affected by setting the boundary condition 
in the node C (Fig. 2.1 c) which is a singular point. In this 
point the change of the boundary shape always occurs and at the 
same time the type of boundary condition changes. The point C 
may be included in the part of the boundary F on which during 
iteration, Neumann's boundary condition is given or in the part 
of the boundary S on which Dirichlet's boundary condition is 
given. When the Neumann's boundary condition is specified in the 
node C, this point occurs as a sudden breaking point on the free 
surface and appears as a singularity and thus may cause the div-
ergence to occur considerably fast during the iterative procedure. 
The divergence may be removed if the node C is taken as a point 
of seepage face S and during iteration Dirichlet's boundary 
condition is given in it. 
The computations carried out have shown that Dirichlet's 
boundary condition being given in the node C, all the other 
nodes with the exception of that node will converge on the free 
surface approximation in relation to its correct position. This 
fact leads to the inescapable conclusion that equation (2.38) is 
(34 
not suitable for the correction of the node C position. Kazda^ * 
47) 
has shown t h a t a simple ex t r apo la t i on i s most successful since 
the new node C pos i t ion on the seepage face may be obtained from 
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the new position of the adjacent nodes on F in any iterative 
step. During the extrapolation he made full use of the fact 
that the free surface, in the region close to exit point, in 
that particular case of earth dam with downstream rockfill toe, 
analysed by him, shall be theoretically close to the part of 
the parabola with horizontal axis. The above assumption may 
not be true in cases where slope of downstream seepage face 
%/3 — ^^°» such as vertical clay core in a rockfill dam and 
earth dams without internal drainage system or with chimney 
drain. 
The above procedure needed modification in cases where 
the calculated position of the free surface extended beyond the 
physical limits of the flow region i.e. downstream face in case 
of clay core or earth embankments without internal drainage. 
Another problem arises when part of the free surface becomes 
essentially vertical as in the case of earth dams with a down-
stream horizontal drain, because in such cases the horizontal 
coordinates of the two adjecent nodal points on the free surface 
F, may be so close together that the extrapolation of the position 
of adjecent nodes, fail to adequately adjust the horizontal coor-
dinates of the exit node point C. The above problems were over-
come by modifying the procedure for shifting of the top flow line 
in the region adjecent to the emergence point C, as described 
below. 
It will be recalled that at the end of each iteration, it 
is necessary to shift the position of free surface such that 
boundary condition (2.30) is satisfied as closely as possible. 
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In changing the position of the free surface it is often 
necessary to shift the nodal points along directions other than 
vertical. As explained above the procedure will not work when 
the direction of shifting of any point crosses a physical boun-
dary of the system, such as in case of earth dam without internal 
drainage system, where the new position of top flow line, in a 
small length in the downstream region, may be above the down-
stream face of the earth dam. In such situations the exit point 
C, may be taken at the point of intersection of the new position 
of top flow line and downstream face of the dam. 
Another problem arises when part of the free surface 
becomes essentially vertical as in the case of earth dam section 
with horizontal toe drain. In such cases, the horizontal coordi-
nates of any two adjecent nodal points on the free surface F, 
may be so close together that shifting scheme mentioned above 
fails to adequately adjust the horizontal coordinates of these 
points. This problem can be overcome by introducing a correction 
factor for exit point node C, which when multiplied to the 
difference between the potential h and vertical coordinate y 
at the adjecent node will give the amount of shifting of the 
exit point node C in the horizontal direction. 
The above procedure worked well in case of different types 
of earth dam sections and a rapid and good convergence was achieved 
in case of all the 96 earth dam sections analysed. The location 
of the top flow line at the end of first few iteration and at the 
end of last iteration, in case of 3 representative earth dam sec-
tions is shown in Figs. 2.2 to 2.5. It indicated that a rapid 
and good convergence is achieved in all cases. 
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CHAPTER 3 
ANALYSIS AND DISCUSSION OF RESULTS 
3.1 INTRODUCTION 
The water stored behind dams always seeks to escape and thus 
gives rise to various seepage problems, which can create serious 
difficulties and in some cases may even lead to total failure. The 
problem of seepage through an earth dam is complicated by the fact 
that the position of upper boundary or the free surface, commonly 
known as the top flow line, seepage line, or phreatic surface, is 
not known before hand. For an earth dam composed of homogeneous 
material located on a foundation of impervious material the see-
page line will cut the downstream face above the base of the dam, 
unless of course special drainage measures are adopted. If this 
line is allowed to Intersect the outside downstream face much 
above the toe more or less serious sloughing may take place and 
ultimate failure may result. Furthermore an inaccurate estimation 
of the seepage line may result in predicting pore pressures which 
are different from those occuring in the actual dam section, and 
this may lead to calculation of factor of safety in the stability 
analysis which may be at variance with the actual correct values. 
The accurate determination of the free surface, therefore, is of 
prime importance for the safe design of earth dams. 
The parameters whicn determine the profile of a homogeneous 
earth dam section resting on impervious foundation, and conseque-
ntly govern the location of top flow line as well as length of 
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downstream seepage face as shown in Fig. 1.1 are ; 
(i) Slope of upstream face, Q^^/^ 
(ii) Slope of downstream seepage face, 9Q/3 
(iii) XB/H 
Finite element analysis of 96 earth dam sections was 
carried out to study the effect of the above parameters on the 
location of top flow line as well as on the length of downstream 
seepage face. The results are presented in the form of graphs 
and are described in the following paras. The above mentioned 
earth dam sections are formed by various possible permutations 
and combinations of the following values of the above parameters; 
e^/g = 15°, 30°, 45°, 60°, 75°, 90^ 
®D/S ^ ^ ° ' ^ ° ' ^ ^^°' ^^^ 
XB/H - 0.8, 1.5, 2.0, 3.0 
Thus, vertical clay core in a rockfill dam as well as 
homogeneous earth dam sections with internal drainage systems, 
such as chimney, drain, rockfill toe and downstream horizontal 
drain are all included in the above 96 earth dam sections analysed 
in this study. 
The first essential in any numerical method is to establish 
its accuracy and degree of reliability so that the results pre-
dicted here in may be used with confidence. The location of top 
flow line as predicted by the finite element method in case of 
earth dam with parabolic upstream face, show remarkable agreement 
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with that obtained from Kozney's theoretical solution. Further-
more the length of downstream seepage face in case of earth dam 
sections with downstream horizontal drain, as obtained by finite 
element analysis, and expressed in non-dimensional form as a 
ratio of depth of upstream reservoir, L/H, are compared with the 
available theoretical results of the exact solution given by 
Moayeri for the particular case of seepage through homogeneous 
earth dams with horizontal toe drain. Here also the results 
obtained by the finite element analysis, exhibit remarkable 
agreement with the available theoretical results indicating that 
the result being reported in this thesis, may be used with confi-
dence to study the effect of the above three parameters on the 
location of top flow line as well as on the length of downstream 
seepage face, and may also form a reliable basis for evolving a 
new method as proposed in Chapter 4 for accurate determination 
of the true location of top flow line as well as the length of 
downstream seepage face in case of different types of earth dam 
sections mentioned above. 
Th« effect of the above three parameters ©-rt/c* ®n/s ^^^ 
XB/H on (i) the gradient of top flow line in general, 
( ii) inclination of top flow line to the upstream face at the 
entry point (This should theoretically be 90°, because the up-
stream face is an equipotential line), (iii) existence or 
otherwise of the inflection point, (iv) location of top flow 
line, and (v) the distance starting point of the curve of top 
flow line from the entry point are described vide paras 3.2, 3.3 
and 3.4 wherein an attempt is also made to search for a logical 
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explanation of the physical behaviour of top flow line in the 
above respects. The procedure usually in vogue for determination 
of seepage line is as proposed by Casagrande, and therefore, the 
top flow line as obtained by Casagrande's method is also compared 
with that obtained from finite element analysis of earth dam 
sections. The variation of length of downstream seepage face 
with slope of upstream face ©rj/c* slope of downstream seepage 
face ©Q/C» ^^^ XB/H are described in para 3.3, where a compara-
sion is also made with the length of downstream seepage face as 
obtained by Casagrande's method. A logical explanation is attem-
pted for the behaviour of the above curves as well as for the 
difference in true value of length of downstream seepage face as 
obtained by finite element analysis in this study and that 
obtained by Casagrande's method. 
3,2 LOCATION OF TOP FLOW LINE 
3,2.1 Effect of Slope of Upstream Face on the Location etc of 
Top Flow Line. 
The top flow line as obtained by the finite element 
analysis for 6 different slopes of upstream face of the dam, 
ranging from a very flat upstream face with Q-n/c = 15° to a 
vertical upstream face with ©../c = 90° are plotted vide 
Fig's. 3.1 to 3.12, for 4 different slope of downstream seepage 
face e^. = 60°, 90°, 135°, 180° and for 4 different values of 
XB/H » 0.8, 1.5, 2.0, 3.0. 
The effect of slope of upstream face of the earth dam on 
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the inclination of top flow line with the upstream face of the 
dam in the region close to the entry point, gradient of top 
flow line in most of its length, existence or otherwise of the 
point of inflection, location of top flow line, location of 
starting point of the curve of top flow line with respect to 
the entry point, are all visually illustrated and clearly brought 
out in the above figures* The various ways in which the slope of 
upstream face of the dam affects the location as well as the 
nature of the curve of top flow line, are described in the 
following paras. 
3.2.1.1 Gradient of Top Flow Line in the Central Region 
The top flow line for the dam sections, with any particular 
value of XB/H and slope of downstream seepage face Qn/c» fc>'J't 
with 6 different slopes of upstream face of the dam ©.j/e = 15°, 
30°, 45°, 60°, 75°, 90° are found to be generally parallel to 
each other in most of its length except for a small distance from 
the entry point on the upstream face, indicating thereby that the 
gradient of top flow line in most of its length remains unaffected, 
except for a small length in the region close to the entry point, 
as the upstream face of the dam is gradually made steeper, star-
ting from a very flat upstream face inclined at 15° to the hori-
zontal i.e. 6u/3 = 15°, and increasing its inclination to the 
horizontal at regular intervals of 15°, till the upstream face 
becomes vertical i.e. Q./^ = 90°. 
A perusal of the above 6 curves of top flow line for 
different values of ®u/s» ^^so indicate that for smaller values 
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of XB/H = 0.8, the gradient of all the above 6 curves is quite 
steep and as the value of XB/H is increased and made equal to 
1.5, 2.0 and finally to 3.0, the gradient of all the above 6 
curves which are parallel to each other, gradually becomes 
flatter (Fig. 3.1 to 3.12). 
Therefore, it is safely concluded that the gradient of 
top flow line in most of its length, except for a small length 
near the upstream face of the earth dam, is governed mainly by 
the length of seepage path in that earth dam section as mani-
fested by the value of XB/H, and is largely unaffected by the 
entry conditions on the upstream face. It may be mentioned here 
that while evolving a new method capable of accurately predicting 
the true location of top flow line, as described in the next 
Chapter, it was observed the curves of top flow for all the 6 
slopes of upstream face Qh/c» are generally parallel to the 
base parabola for the earth dam section with that value of XB/H, 
as for .the dam sections to which the above 6 curves of top flow 
line pertain, but with a vertical upstream face (Para 4.3.1). 
3.2.1.2 Entry Condition - Top Flow Line not Normal to the 
Upstream Face. 
The upstream face of an earth dam section is an equipo-
tential line and therefore the phreatic line being the top most 
stream line should theoretically be normal to the upstream face 
at the entry point irrespective of any other condition on the 
downstream side of the dam. However the results of finite 
element analysis of 96 earth dam section, 'as plotted vide Fig. 3.1 
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to 3.12 and 3.31 to 3.54, very clearly and visually indicate 
that this may be true only for a micro-scopic distance from the 
entry point and therefore may be considered to be not of any 
practical significance. 
The gradient of top flow line in the small length close 
to the entry point, in all the 96 earth dam sections is found 
to be such that it is, in general not normal to the upstream 
face of the dam. The downward inclination of the top flow line 
in the region adjecent to the entry point is found to be such 
that while it is less than the downward inclination of normal to 
the upstream face for the case of dam sections with flatter up-
stream faces, it is greater than the downward inclination of the 
normal to the upstream face for dam sections with very steep 
upstream faces. 
The above mentioned deviation of the top flow line from 
the normal to the upstream face, in the region adjecent to entry 
point is also affected by the value of XB/H in the dam section. 
The downward inclination of the top flow line in the region adje-
cent to entry point is seen to reduce in case of all the 6 slopes 
of the upstream face, as XB/H is increased from 0.8 to 3.0, the 
reduction in downward inclination of top flow line being more 
pronounced in case of flatter upstream face (Fig. 3.1 to 3,12 
and 3.31 to 3.54). Consequently in case of earth dam section 
with horizontal toe drain the inclination of top flow line to the 
upstream face, in the region close to entry point, which in the 
case of earth dam section with flatter upstream face a./- = 15°, 
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116.3° when XB/H * 0 .8 ( F i g s . 3.2 and 3.49) gradual ly increases 
to 144.75 as the value of XB/H i s increased to 3.0 (F ig s . 3.12 
and 3 .49) . Again in case of ea r th dam sect ion with v e r t i c a l 
upstream face, the top flow l i n e in the region close to the entry 
point should t h e o r e t i c a l l y be ho r i zon t a l , but t h i s c l e a r l y i s 
not the case as indica ted by the r e s u l t s of f i n i t e element 
ana lys is (F ig s . 3.1 to 3.12 and 3.49 to 3 .54) . The inc l ina t ion 
of top flow l i n e to the upstream face, in the region close to 
ent ry poin t , for dam sec t ion with v e r t i c a l upstream face i . e . 
a , / = 90° i s 75° in case of dam sect ion with XB/H = 0 .8 (F igs . 
3.2 and 3.54) and gradual ly increases to 82.7 as the value of 
XB/H i s increased to 3.0 ( F i g s . 3.12 and 3 .54) . 
The above f indings may also be seen from another angle. 
The slope of upstream face has been var ied in t h i s analysis 
from 15° to 90° to the h o r i z o n t a l . Therefore, the angle between 
the curves of top flow l i n e in the region adjecent to entry point , 
for the case of 9^/c = 15° and & /e = 90° should t heo re t i ca l l y be 
75°, but the r e s u l t s obtained from f i n i t e element analys is 
indicate tha t in case of ea r th dam sec t ion with horizontal toe 
drain i t va r i e s from a maximum value of 33 .7° , when XB/H = 0.8 
(F ig . 3.2) to a minimum value of 12.95°, when XB/H i s made 
equal to 3.0 ( F i g . 3 .12) . I t may be mentioned here tha t as 
explained in para 3 .2 .3 d i f f e r e n t hor izonta l and v e r t i c a l scales 
have been used he re . The above angles were measured from large 
sized drawings p lo t t ed to same hor izonta l and v e r t i c a l s ca l e . 
The above conclusions can be explained as under. I t has 
been shown e a r l i e r t ha t the grad ien t of top flow l ine in most of 
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its length, specially in the central region is governed by the 
length of seepage path as manifested by the value of XB/H and 
is largely unaffected by the entry conditions. Furthermore, a 
close examination of the curves showing the location of top 
flow line for 6 different values of 9u/s» clearly brings out the 
fact that the inclination of the top flow line in the reach just 
adjecent to the entry point is significantly affected by the 
slope of the top flow line in the central portion which is 
largely governed by the length of seepage path as manifested by 
the value of XB/H. In the case of flatter upstream slope 
Q-r,/^ = 15°, 30°, when the normal to the upstream face has a 
greater downward inclination than the slope of top flow line in 
the central region, the slope of top flow line near the entry 
point adjusts itself in such a manner that it is somewhere in 
between the two slopes i.e. that of normal to the upstream face 
and that of top flow line in the central portion. Thus even for 
the same slope of upstream face in case of flatter upstream face, 
say 6.J/C = i5*^ » "^e downward inclination of top flow line at the 
entry point is less than that of normal to upstream face in case 
of XB/H = 0.8, and is further reduced in case of XB/H = 3.0 
(Figs. 3.1 to 3.12, 3.31, 3.37, 3.43 and 3.49). 
Similarly, for steeper upstream faces i.e. a./ = 90°, 
75 , the normal to the upstream face is either horizontal (in 
case of vertical upstream face), or is inclined downwards at 15° 
to the horizontal (in case of Q^^^ = 75°), however the top flow 
line in the central region has a much greater downward inclination 
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as governed by the seepage flow consideration, and this causes 
of the top flow line to dip downwards. For the dam sections 
with steeper upstream face, but with same slope of upstream 
face, this deviation from the normal to upstxtsam face, in the 
gradient of top flow line close to entry point, is more in case 
of dam section with XD/H =0.8, because in that case the gradient 
of top flow line in the central region is very steep, whereas the 
above deviation is less in case of dam sections with XB/H = 3.0, 
because in that case the gradient of top flow line in the central 
region is comparatively much flatter (Fig. 3.1 to 3.12 and 3.35, 
3.36, 3.41, 3.42, 3.47, 3.48, 3.53, 3.54). 
Now, in between the two extreame cases, one of a flatter 
upstream face, ©rj/s ~ ^^ *'» ®"^ "^'^^ other of a very steep upstream 
face ©n/s ~ ^0°, there should be a upstream slope, in which case 
the normal to the upstream face, has the same gradient as that of 
the central portion of the top flow line, and in such a dam section 
the top flow line will be exactly normal to the upstream face at 
the entry point. Obviously such as upstream slope, for which 
the top flow line is normal to the upstream face at the entry 
point, will depend on the gradient of top flow line in the central 
region, which in turn is governed by the value of XB/H. Thus for 
a dam section with smaller value of XB/H =0.8, such a slope of 
upstream face, for which the top flow line is normal to the 
upstream face at the entry point, is seen from Fig. 4,2 to be 
a value close to but slightly less than 60°, where as for the 
dam section with a large value of Xg/lf-^ p-a-iO-^ h^e slope of up-
^V3 \ :_ - i : -
Stream face, for which the top /I9W l ine i s nofjflaj^vto the upstre 
; ^ ^- 'oX4:/oS5-y| 
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face at the entry point, is seen from Fig. 4.12 to be a value 
somewhere between 75 and 90 . 
3.2.1.3 Hxistance or otherwise of the Inflection Point 
The effect of the slope of upstream face of an earth dam 
on the existence or otherwise of the point of inflection is visu-
ally illustrated and is very clearly brought out in Figs. 4.1 to 
4.12, where curves of top flow line for 6 different slopes of 
upstream faces are plotted for comparision, for earth dam sections 
with different values of ©n/s '^^'^  XB/H. In case of an earth dam 
section with a very flat upstream face Q^  /c = 15°, the point of 
inflection is very well defined, but as the upstream face is made 
steeper the inflection point is seen to vanish. This phenomenon 
is explained as under. 
In case of an earth dam with a very flat upstream face 
a,ye = ^^°* the seepage water enters the dam section with a 
much greater downward inclination and so the gradient of the top 
flow line at the entry point, (which otherwise also should theo-
retically be normal to the upstream face which is an equipotential 
line) is quite large. After a certain small distance from the 
entry point, when the top flow line has dipped to a somewnat lower 
elevation, it downward inclination is reduced substantially, 
because here the gradient of top flow line, now in the central 
region a small distance away from the upstream face of the dam, 
is mainly governed by the length of seepage path in the earth 
dam section as manifested by the value of XB/H and is largely 
unaffected by the entry and exit conditions. 
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A comparatively large downward inclination of the top 
flow line in the small length adjecent to the entry point, and 
then the substantially reduced gradient of the top flow line 
immediately thereafter in the central region, coupled with the 
fact that after this point the gradient of top flow line gradua-
lly increases for points on the downstream side, manifests 
itself in the development of the point of inflection in the curve 
of top flow line, in case of an earth dam sections with a very 
flat upstream face. As the upstream face of the dam is made 
steeper, the downward inclination of the top flow line in the 
region adjecent to the entry point reduces gradually, whereas the 
gradient of top flow line in the central region remains largely 
unaffected by the change in the entry condition. The above facts 
explain the reduction in the magnitude of infection as the up-
stream face is made steeper till it is completely eliminated and 
inflection point vanishes, in case of an earth dam section with 
horizontal toe drain, and an upstream face with a value of 0,,/^ 
which is very close to but is slightly less than 60°, in case 
of earth dam section with XB/H = 0.8 (Fig. 3.2), as well as in 
the case of earth dam section with a value of Q,i/n some where 
between 75° and 90° in case XB/H equals 3.0 (Fig, 3.12). For 
the above slopes of the upstream face of the dam, the downward 
inclination of the top flow line, in the region adjecent to the 
entry point reduces significantly and to such an extent that it 
now equals the slope of the top flow line in the central portion, 
which being mainly governed by the length of seepage path only, 
remains largely unaffected by any change in entry condition, and 
this results in elimination of contraflexure and disappearance of 
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i n f l e c t i on po in t in the ^ o v e ea r th dam s e c t i o n s . 
When the upstream face of an e a r t h dam is made s t i l l 
s t eeper , the downward i n c l i n a t i o n of top flow l ine in the region 
adjacent to the ent ry point i s reduced fu r the r to such an extent 
t h a t t h i s downward slope nov; becomes l e s s than the slope of top 
flow l i n e in the cen t ra l region which as described e a r l i e r 
remains l a rge ly unaffected by the en t ry cond i t ion . Thus in ear th 
dam sec t ions with very s teep upstream face i . e . ©u/c grea te r than 
60° m case of dam sect ion with XB/H = 0 . 8 and eu/3 close to 90° 
in case of dam sect ion with XB/H = 3 .0 , the downward inc l ina t ion 
of top flow l i n e which i s comparatively small in the beginning, 
t ha t i s in the region adjecent to the en t ry po in t , gradually 
increases for po in ts on the downstream s i d e , r e s u l t i n g in an 
upward convex shape of the ph rea t i c l i ne in t h i s region. 
Mayori^ ' has obtained an exact so lu t ion to the problem 
of seepage through homogeneous and i so to rp ic ea r th dams with 
hor izonta l toe d ra in , and has given the value of slope of up-
stream face a t which the i n f l e c t i o n point disappears in case of 
dam sect ion with d i f f e r en t values of XB/H. His theore t ica l 
r e s u l t s ind ica te t ha t in an e a r t h dam sec t ion with XB/H = 0 . 8 , 
the i n f l ec t ion point disappears in case the slope of the upstream 
face is made equal to 5 8 . 5 ° . This t h e o r e t i c a l r e s u l t agrees with 
the f indings of the f i n i t e element ana lys i s as reported e a r l i e r in 
t h i s para , and t h i s gives a fu r the r ind ica t ion of the accuracy and 
r e l i a b i l i t y of the r e s u l t s being reported in t h i s t h e s i s . 
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3.2.1.4 Location of Top Flow Line 
The effect of slope of upstream face, on the location of 
top flow line in earth dam sections, is visually illustrated and 
is clearly brought out from the plots of top flow line for 6 
different slopes of upstream face, as shown in Figs. 3.1 to 3.12, 
in case of dam sections with different ©13/5 arid XB/H. 
As the slope of upstream face of the dam is made steeper, 
the location of top flow line is seen to shift upwards in the 
central portion and in the downstream direction in the region close 
to exit point. This upward shift in the location of top flow, 
consequent to the upstream face of the dam being made steeper, 
is seen to depend on the length of seepage path as manifested by 
the value of XB/H in that earth dam section. Thus, this shift in 
the location of top flow line, as the slope of upstream face is 
increased from 8^/3 ~ ^^° ^° ®u/S ~ ^°* ^^ ®®®" *° ^ ® quite large 
in case of earth dam section with XB/H = 0.8 (Figs. 3.1 and 3.2), 
but decreases gradually as the value of XB/H is increased and has 
a minimum value of less than half, in case of dam section with 
XB/H = 3.0 as compared to that of the shift in the dam section 
with XB/H =0.8 (Figs. 3.3 to 3.12). 
Furthermore, this shift in the location of top flow line 
due to upstream face being made steeper, is small in case of earth 
dam sections with flatter upstream face, but increases progressi-
vely as the upstream face is made steeper, as manifested by the 
progressively increasing gap between the 6 curves of top flow 
line for different values of 6^/3 which is varied from O./^ = 15° 
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to Qy/c = 90 by increasing its value at a constant interval of 
15®. The above phenomenon is explained as under. 
As discussed in earlier paras the gradient of top flow 
line is mainly governed by the length of seepage path in an 
earth dam section as manifested by the value of XB/H and is 
largely unaffected by entry conditions. However the location 
of the top flow line in the central and the downstream region 
is clearly affected by the slope of upstream face of the dam. 
This fact is quite obvious. In case of earth dam sections with 
flatter upstream face, in which the downward inclination of the 
top flow line in the region close to the entry point, is more 
than its downward inclination in the central region, the top flow 
line dips considerably downwards before attaining the slope of 
the top flow line in the central region. This explains the 
fact, as observed from the above figures, of the location of 
top flow line in case of a very flat upstream face %/c * ^^^* 
being at the lowest elevation amongst all the 6 curves of top 
flow line. Now as the upstream face is made steeper this down-
ward inclination of top flow line in the region close to entry 
point is reduced and consequently the amount by which the top 
flow line dips downwards, before attaining the slope of top 
flow line in the central region, is also reduced. This results 
in an upward shift in the location of top flow line as the up-
stream face is made steeper. Furthermore in case of earth dam 
sections with very steep upstream face in which the downward 
inclination of top flow line in the region close to the entry 
point is less than the downward inclination of the top flow line 
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in the central region, the top flow line travells a certain 
small distance at a comparatively higher elevation before 
attaining the larger downward inclination of the top flow line 
in the central region, and this has the effect, so to say, of 
lifting up of the curve of top flow line and explains the upward 
shift in location of top flow line in case of dam section with 
steeper upstream face. 
Now as described vide para 3.2,1.2 the top flow line in 
the region close to the entry point, except for a microscopic 
distance, is in general not normal to the upstream face of the 
dam and that its gradient in this region is greatly affected by 
the gradient of top flow line in the central region. Thus even 
though the slope of the upstream face ©Wc is increased at a 
constant interval of 15°, the reduction in the downward inclina-
tion of the top flow line in the region close to entry point is 
not uniform, being small in case of earth dam section with flatter 
upstream face and gradually increasing as the upstream face is 
made steeper. This greater reduction in the downward inclination 
of top flow line in the region close to entry point, in case of 
steeper upstream face, results in increasing the upward shift in 
the location of the top flow line as the upstream face of the dam 
is gradually made steeper, and this explains the progressively 
increasing gap between the curves of top flow line, as the up-
stream face of the earth dam is gradually made steeper, by 
increasing the value of Qrj/c at a constant interval of 15°, from 
= 15° to a,/^ = 90°. Vs = ^^ *° %/ S 
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3*2.1.5 Starting point of curve of Top Flow Line 
Although as described later vide para 3.2.4 the true 
location of top flow line as obtained by the finite element 
analysis of 96 earth dam sections, differ widely from Cosagrande's 
base parabola in case of a very large number of earth dam section, 
the curves of top flow line in all cases resemble to a very large 
extent the shape of a parabola. In the course of attempts being 
made for evolving a new method for correctly predicting the true 
location of top flow line, as described in Chapter 4, it was dis-
covered that in case of earth dam sections with a particular value 
of XB/H, all the curves of top flow line, irrespective of the slope 
of upstream face, as well as that of downstream seepage face, are 
in general parallel to the base parabola for earth dam section 
with the above value of XB/H, but with a vertical upstream face. 
The forgoing discussion leads to the unescapable conclusion 
that the contention by Cassagrande that the curve of top flow line 
passes through a point on the water surface at a distance in front 
of the dam equal to 0.3 times the horizontal wetted face length, 
is just not true. This fact is crystal clear, because in an 
earth dam section with horizontal toe drain, with particular value 
of XB/H, if the curve of top flow line would have even approximated 
a parabola whose focus is at the beginning of the toe drain and 
which passes through a point on the water surface at a distance 
in front of the entry point equal to 0.3 times the wetted horizon-
tal face length, the curves of top flow line for 6 different slopes 
of upstream face would not have been parallel to each other, because 
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the location of the above mentioned point on the water surface, 
differ very widely in earth dam sections with different slopes 
of upstream face. 
In fact in case of earth dam sections with a particular 
value of XB/H, the top flow line for different slopjes of upstream 
face of the dam, appear to follow a curve obtained by horizontal 
shifting of the base parabola in an earth dam section with the 
above value of XB/H but with a vertical upstream face. 
The distances from the entry point on the upstream face, 
of the point at the elevation of water surface through which the 
curve of top flow line (ignoring the small length in the region 
close to entry point), appears to pass, in case of earth dam 
sections with horizontal toe drain and having upstream reservoir 
depth H = 100 m, are given in Table 3.1, for different values of 
aj/o and XB/H. The corresponding distance i.e. 0.3 H cot 9.j/c as 
suggested by Casagrand is also given for comparision. These 
values, were obtained from plots of top flow line on large size 
graph sheets with equal horizontal and vertical scale. 
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The finite element results tabulated above clearly indi-
cate that the distance of starting point of the curve of top 
flow line at the elevation of water surface (neglecting the 
small length close to entry point), from the entry point i.e. 
from the point of intersection of water surface with upstream 
face of the dam is much below the value of 0,3 H Cot Sy/e as 
suggested by Cassagrande. Furthermore the above starting point 
of curve of top flow line is not always located on the upstream 
side of the entry point. In fact in case of earth dam sections 
with very steep upstream face, the above starting point of the 
curve of top flow line is seen to be located on the downstream 
side of the entry point. 
3.2,2 Effect of Slope of Downstream Seepage Face on the 
Location of Top Flow Line. 
The top flow line as obtained in case of earth dam sections 
for 4 different slopes of the downstream seepage face, Qn/c = 60° 
representing vertical core in a rockfill dam, Qr^/c = ^ ° repre-
senting chimney drain, QQ/C = 135° representing rockfill toe, 
and QQ/C = 180° representing horizontal toe drain, in a homogeneous 
earth dam section, are plotted vide Figs. 3.13 to 3.X, for 5 
different slopes of upstream face Q^,^ = 15°, 30°, 45°, 60°, 75°, 
90° and for 4 different values of XB/H = 0.8, 1.5, 2.0, 3.0. 
The effect of slope of downstream seepage face of an earth 
dam, howsoever minimal or indirect, on the downward inclination 
of the top flow line in the region close to the entry point, the 
gradient of top flow line in most of its length, existance or 
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otherwise of the point of inflection, location of top flow line, 
location of starting point of the curve of top flow line with 
respect to entry point, are visually illustrated in the above 
figures. A close examination of the above Figs. 3.13 to 3.30 
indicates that the curves of top flow line for all the 4 different 
values of ©n/s* ^^^ very close to each other, and even coincide 
with eath other in many cases. This leads to the unescapable 
conclusion that as compared to the other two parameters the exit 
condition as manifested by the slope of downstream seepage face 
&Q/C ^^ as very little effect on the location etc of the top flow 
line. These are briefly described below in the following paras. 
3»2.2.1 Gradient of Top Flow Line in the Central and Downstream 
Region. 
The exit condition as manifested by the slope of downstream 
seepage face QQ/C effects the gradient of top flow line, only in 
the region close to the exit point as indicated by the curves of 
top flow line plotted vide Figs. 3.13 to 3.30. The extent of 
this increase in the gradient of top flow line, consequent to 
the downstream seepage face being tilted in the upstream direction 
also appears to be related to a certain extent to the length of 
seepage path in that earth dam section as manifested by the value 
of XB/H. These observations are briefly explained as under. 
Starting from horizontal toe drain 0^/^ = 180°, as the 
downstream seepage face is made vertical as in the case of 
chimney drain, and is finally made to incline in the upstream 
direction as in the case of vertical core, the gradient of top 
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flow line in the region close to the exit point is seen to 
increase by a certain amount depending upon the value of XB/H 
in that earth dam section. This increase in the downward incli-
nation of the top flow line in the region close to exit point, 
on account of the downstream seepage face being either made 
vertical as in the case of chimney drain in an earth dam section 
or made to incline in the upstream direction as in the case of 
vertical core, appears to be a direct consequence of shortening 
of the length of seepage path, because in both the above cases 
the downstream seepage face intercepts the top flow line at a 
much higher elevation, resulting in considerable reduction in 
the length of seepage path as well as in the consecfuent increase 
in the gradient of top flow line in the region close to exit 
point. 
Furthermore, this increase in the gradient consequent to 
inclination of QQ/Q being varied from 180° to 90° and finally to 
60°, is more prominent in case of dam section with XB/H = 0.8, 
so much so that a considerably larger length of top flow line on 
the downstream side is affected by this increased gradient. The 
reason for the above fact is quite obvious. In case of earth 
dam sections with the value of XB/H = 0,8, the reduction in the 
length of seepage path consequent to the downstream seepage face 
being made to incline in the upstream direction, is a much greatej 
fraction of the total length of seepage path, and therefore the 
effect of slope of downstream seepage face ©Q/g on the gradient 
of top flow line is clearly visible on a much greater length of 
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top flow line as indicated by the plots of top flow line 
(Figs. 3.13 to 3.15). However, on the contrary, in case of an 
earth dam section with a large value of XB/H = 3.0, the length 
of seepage path is quite large and therefore the reduction in 
the length of seepage path consequent to the downstream seepage 
face being made to incline in the upstream direction as in the 
case of vertical core, is comparatively a much smaller fraction 
of the total length of seepage path, and therefore the effect of 
slope of downstream seepage face on the gradient of top flow 
line is comparatively less pronouned and is limited to a rela-
tively smaller portion of the total length of top flow line 
(Figs. 3.25 to 3.30) . 
The curves of top flow line in case of earth dam section 
with rockfill toe Qr^/c = 135*^ , and for the case of horizontal toe 
drain Q^/c = 180°, are so close to each other that they seem to 
coincide in most of the length. This also can be explained on 
the basis of above discussion, because in an earth dam section 
with a particular value of ©y/c and XB/H, there is practically 
no significant reduction in the length of seepage path as the 
value of QQJ^ is changed from 180° to 135°, and consequently 
there is only negligible effect on the gradient of top flow line 
in this case. 
3.2.2.2 Inclination of Top Flow Line to the Upstream Face. 
As described in para 3.2.2.1 the effect of slope of down-
stream seepage face e^/g, on the top flow line in an earth dam 
section is comparatively much less pronounced, than that of the 
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other two parameters, and that too is generally limited to the 
length of top flow line in the downstream portion of the dam, 
except in the case of vertical core (©Q/3 = 60°) with a smaller 
value of XB/H, in which case practically the whole length of top 
flow line appears to be affected and is somewhat lowered as the 
downstream seepage face is made to incline in the upstream 
direction (Figs. 3.13 to 3.15). The reason for the above obser-
vation is obvious. In case of earth dam section with a small 
value of XB/H =0.8, as the downstream seepage face is made to 
incline in the upstream direction in case of vertical core, the 
length of seepage path is drastically reduced and so the whole 
length of top flow line is affected and its elevation is somewhat 
lowered. 
Thus the slope of downstream seepage face do not have any 
affected on the inclination of top flow line with the upstream 
face, except in case of vertical core (QQ/C = 60°) with a small 
value of XS/H = 0.8, in which case also there is only a minimal 
increase in the downward inclination of the top flow line in the 
region close to entry point. 
3.2.2.3 Existance or otherwise of Inflection Point 
Since, as described in earlier paras 3.2.2.1 and 3.2.2.2, 
the effect of slope of downstream seepage face Q^, is limited 
only to the downstream portion of the top flow line, it has no 
effect on the existance or otherwise of the inflection point 
(Figs. 3.13 to 3.X) . 
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3.2,2,4 Location of Top Flow Line. 
As discussed in para 3.2,2.1# starting from the case 
of earth dam with horizontal toe drain* as the downstream 
seepage face is made vertical (Q^/e » 90°) as in case of 
diinmey drain and is then finally inclined in the upstream 
direction ( ©p/c • 60 ) as in the case of vertical core, the 
length of seepage path is reduced, and this consequenty res-
ults, in general lowering the elevation of top flow line in 
the downstream region. Obviously, this lowering in the eleva-
tion of top flow line is more pronouned and a comparatively 
larger proportion of the length of top flow line is affected 
by this phenomenon of lowering in the elevation of top flow line, 
as a consequence of the downstream seepage face being made to 
incline in the upstream direction, in case of earth dam sec-
tion with a smaller value of XB/H = 0,8, because in such an 
earth dam section the reduction in the length of seepage path 
Vs due to the value of O / being varied fron 180® to 90® and 
finally to 60°, is a very significant fraction of the total 
length of seepage path in that earth dam section (Fig. 4,13 
to 4,15), On the contrary in case of earth dam section with 
a very large value of XB/H = 3,0, any reduction in the length 
of seepage path consequoit to the downstream seepage path 
bein9 made to incline in the upstream direction, is a consi-
derably much smaller fraction of the total length of seepage, 
as compared to the earlier case, and hence its effect on the 
location of top flow line is now not only minimal but is 
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confined only to a very small length close to exit point* 
3,2,2,5 Starting Point of Curve of Top Plow Line. 
Since as described earlier vide paras 3.2,2•! and 
3.2,2,2# the top flow line in the region close to the entry 
point is not affected by the slope of downstream seepage 
face. The starting point of the ctirve of top flow line at the 
elevation of reservoir water surface, whic±i is obtained by 
extending the curve of top flow line from the point of infle-
ction or in cases where point of inflection do not exist from 
the point on the top flow line where the effect ofentry condi-
tion vanishes* therefore, is also not affected by the slope 
of downstream seepage face. 
3.2.3 Effect of XB/1i on the location etc of Top Flow Line. 
The curves of top flow line as obtained by the finite 
element analysis of 96 earth dam sections are plotted for 4 
different values of XBAI » 0,8, 1.5, 2.0, 3.0 vide Pigs. 3,31 
to 3.54, for 6 different slopes of upstream face © / • 15*^  
30°, 45°,60°,75°,90° and for 4 different slopes of downstream 
seepage face ©^/g = 60°,90°,135°#180°, In order to accomodate 
the curves of top flow line for dam sections with all the fonr 
values of XB/H a 0,8,1.5,2.0,3,0, on the same page to facili-
tate comparision, these curves of top flow line are plotted 
with different scales in vertical and horizontal directions. 
Thus the vertical scale is slightly more than twice of that in 
94 
the horizontal direction. 
The value of XB/H in an earth dam section is a direct 
manifestation of the length of seepage path in that dam sec-
tion# and therefore it almost ccxnpletely governs the average 
gradient of the top flow line in the central region, and 
consequently has a very major influence on the downward in-
clination of top flow line in the region close to entry point, 
existance or otherwise of the point of inflection,location 
of top flow line, and the location of starting point of the 
curve of top flow line with respect to the entry point* The 
effect of the value of XB/H on the top flow line in respect of 
all the above points is visually illvistrated and clearly 
brought out in the above figures. 
The curves of top flow line in case of all the above 
96 earth dam sections, as obtained by the method suggested 
by Casagrande are also plotted in the above figures, to faci-
litate comparision with the true location of top flow line 
as predicted by the finite element analysis of earth dam 
sections. The necessary calculations were carried out and 
plots obtained on VAX-ll/780 DEC Computer Dot Matrix Printer 
and hence the three components which form the basis for 
obtaining the curve of top flow line in the Casagrande 's 
method, ie (i) normal to upstream face at entry point, 
(ii) base parabola for that dam section, and (iii) location 
of exit point on the downstream seepage face, are plotted 
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separately in the above figures. ISie entrance and exit condi-
tions are adjusted by sketching two smooth arcs by hand, cne 
tangent to the base parabola in the i:^ stream region and normal 
to upstream face at entry point* and the other tangent to base 
parabola in the downstream region and intersecting the downst-
jceam seepage face at exit point* either tangentially in cases 
where ©rj/g :^ 90° °r vertically where ©rj/g > 90*^ , 
The various ways in which the value of XB/H in an earth 
dam section affects the location etc of the top flow line are 
described in the following paras. 
3.2»3«1 Gradient of Top Plow Line in the Central Region, 
The plots of top flow line in earth dam section with 4 
different values of XB/H » 0,8* 1.5* 2,0, 3,0 as shown in Pigs. 
3.31 to 3.54, separately for different values of 9 ^ and 
e y are a clear and visual illustration of the very major 
influence of the length of seepage path as manifested by the 
valxie of XB/H in an earth dam section* on the gradient of top 
flow in most of its length in the central region. In case of 
earth dam sections with horizontal toe drain, and with a 
vertical upstream face Q^- = 90 * the average gradient of top 
flow line in the central portion in case of earth dam section 
with XB/H " 0,8 is nearly 3.298 times to that of the average 
gradient of top flow line in the central portion in case of 
earth dam section with the value of XB/H •3.0, In case of 
earth dam section with very flat upstream face e / • 15*^ * 
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the upstream t r iangula r portion of the earth dam i s also added 
to the flow region, and this^has the effect of increasing the 
length of seepage path and consec[uently increasing the gradient 
of top flow l i n e . This effect i s minimal in case of earth dam 
section with XB/H • 3.0, pxit i s comparatively more prominent 
in case of earth dam section with XB/4i » 0,8, Thus in the above 
example of earth dam with horizontal toe drain, with a very 
f la t upstream face ©^/g = 15 , the average gradient of top 
flow l ine in the central region in case of earth dam section 
with XB/H » 0,8 i s now 3,465 times the average gradient of 
top flow l ine in the central region of earth dam with XB/H = 3,0< 
I t has been shown e a r l i e r vide para 3,2.1.1 tha t the slope of 
upstream face has prac t ica l ly no influence on the gradient of 
top flow l ine in the cent ra l region, and curves of top flow 
l ine in an earth dam section with a par t icu la r value of XB/H 
and ©Q/C * remain pa ra l l e l to eadti other as the upstream face 
i s gradually made steeper. Puether more, as described in para 
3 .2 .2 .1 , slope of the downstream seepage face also i s found to 
have prac t ica l ly no influence on the gradient of top flow line 
in the central region, except in case of ver t i ca l core section 
with a very small value of XB/H a 0,8, where also the effect 
i s only minimal and i s a direct consequence of reduction in 
the length of seepage path as the downstream seepage face is 
made to incl ine in the upstream di rec t ion . In the l ight of 
above observations i t can safely be concluded the value of 
XBAi in an earth dam section i s the main factor which governs 
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and has a very major influence on the average gradient of top 
flow line in most of its length. As the value of XB/H in an 
earth dam section is gradually increased from 0,8 to 3.0 the 
gradient of the top flow lines in the central region changes 
from a very steep gradient to a comparatively much flatter 
gradient (Pigs 3.31 to 3.54), 
3,2.3.2 Inclination of Top Plow Line to the Upstiream Face. 
The x;5>stream face of an earth dam section is an eqxai-
porential line and therefore the phreatic line being the top 
most stream line should theoretically be normal to the v^ jstream 
face at the encry point irrespective of any other condition in 
the downstream portion of the dam. However the results of fini-
te element analysis of 96 earth dam sections, as plotted vide 
Figs 3,31 to 3,54, very clearly and boldly, visually illustrate 
thatthis may be true only for a microscopic distance from the 
entry point. 
In each of the above figures* ciarves of top flow line 
for earth dam section for all the 4 values of XB/H a 0,8, 1,5, 
2,0, 3,0, but with a particular value of ©„/_ and ©^/g are 
plotted. It is seen that although the slope of upstream face 
9 / is same for all the 4 earth dam sections plotted in each 
graph, the downward inslination of top flow line in the small 
region close to the entry point on the upstream face, in all 
the 4 earth dam sections differ very widely from each other. 
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as well as from the normal (shown dotted) to the upstream 
face a t the entry poin t . The above observations are exp3a ined 
as xmder. 
In case of earth dam sections with a very f la t upstream 
face, the gradient of the top flow line in the central portion, 
i s less in case of a l l 4 values of XBAi = 0,8, 1.5, 2.0, 3.0, 
than the very steep downward incl inat ion of normal to the up-
stream face a t the entry point (shown dot ted) . Consequently, 
the top flow l ine af ter following the normal to the upstream 
face for a microscopic distance (not v i s ib le in the plots of 
top flow l i n e ) , t r i e s to a t ta in the much f l a t t e r slope of 
central portion of top flow l ine , in a very short distance and 
th is explaines marked reduction in the downward inclination of 
the top flow l ine in the region close t o entry point, as the 
value of XB/H i s gradually increased frctn 0,8 to 3,0, 
Now, in case of earth dam sections with very steep up-
stream face e / » 90°, 7 5*" the normal to the iQ)stream face ac 
the entry point i s e i ther horizonal or has a very f la t downward 
incl inat ion, and in contrast the top flow l ine in the central 
portion in case of a l l the four values of XB/H, has a compara-
t ive ly steeper gradient . Consequently the top flow line after 
following the normal to the upstream face for a microscopic 
distance (not v i s i b l e in the plots of top flow l i n e ) . t r i e s to 
a t t a in in a very short distance the comparatively steeper 
gradient of the top flow l ine in the central region, which in 
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turn is governed only by the value of XB/H in that dam section. 
Thus in case of earth dam sections with steep upstream face, 
also, the downward inclination of top flow line in the region 
close to entry point decreases, although the slope of up-
stream face 0 y remains xinchanged, just like that as in the 
central portion as the value of XB/H is gradually increased 
from 0,8 to 3.0, 
As described earlier the gradient of top flow line in 
the central region is governed only by the value of XB/H, Also 
the gradient of top flow line in the region close to the entry 
point is somewhere in between that of the normal to the up-
stream face and that of the central poxrtion of top flow line. 
This explains the fact that as the upstream face in an earth 
dam section is made steeper the downward inclination of top 
flow line in the region close to entry point is reduced but 
by a significantly smaller amount as compared to the increase 
in the steepness in the slope of the upstream face. Thus in 
case of earth dam section with downstream horizontal toe drain, 
as the upstream face is gradually made steeper and the value 
of ®u/s ^^ increased by 75 , from a very flat upstream face 
Q^ j^ g =15 to a vertical iqjstream face 9 / = 90 , the varia-
tion in the downward inclination of top flow line in the anall 
region close to entry point, theoretically should also be 
equal to 75 , but the results of finite element analysis of 
earth dam sections indicate that this variation is only 33,7^ 
in case of earth dam section with XB/H a 0,8 and further 
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reduces to 12,95° In case the value of XB/H i s increased to 
3.0 (Figs 3.49 to 3.54). 
3.2.3.3 Existance or Otherwise of Inflect ion point . 
The phenomenon causing the development of inflection in 
the curve of top flow l ine in the region close to entry point 
has also been described ea r l i e r vide para 3 .2 .1 .3 , 
Except for a very small length t h a t too in case of earth 
dara section with f l a t t e r upstream face, the top flow line 
resembles the shape of a parabola and follows a curve which i s 
convex upwards. Therefore* for the existance of inflection 
point the gradient of top flow l ine in the small region close 
to the entry point, should be steeper than the average gradient 
of top flofw l ine in the c a i t r a l portion, so that as th is curve 
of top flow l ine in the region close to upstream face gradua-
l ly a t ta ins the f l a t t e r slope of to? flow l ine in the central 
region as i t t r ave l I s on the downstream side, i t a t ta ins a 
concave v j^ward shape and consequently resu l t s in the develop-
ment of inf lec t ion point . 
Therefore, obviously the inf lect ion point wi l l vanish 
in case of earth dams with steeper upstream face in v^ich the 
gradient of top flow l ine in the region close to the entry 
point i s eqxial to or f l a t t e r than the slope of top flow line 
in the central region, which in turn i s governed only by the 
value of XB/H in tha t earth dara section, and decreases 
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significantly as XB/H is increased from 0,8 to 3.0. The above 
observations explain the fact that in case of earth dam 
sections with smaller value of XB/H « 0.8, the inflection 
point vanishes in case of earth dam section with a valiie of 
Q ^ which is slightly less than 60 / whereas in case of earth 
dam section with a greater value of XB/U a 3,0, the inflextion 
point vanishes in case of dam section with a more steeper upst-
ream face with the value of ©u/g somewhere between 60 and 75 
(Figs. 3.49 to 3.54), 
3.2.3,4 Location of Top Flow Line. 
The effect of the value of XBAi on the location of top 
flow line is so large and prorainant, as visually illxisrrated 
by the plots of top flow line for fotir different valiies of 
XB/H, that any attempt to describe it in words seems super-
fliaons (Figs. 3.31 to 3.54). This behaviour of top flow line 
as the value of XB/H is increased from 0.8 to 3.0 is obvious 
and quite expected. As described vide para 3,2.3,1, as the 
value of XB/H is increased from 0.8 to 3,0 in case of an earth 
dam section with vertical upstream face for example, the ave-
rage gradient of top flow line in the central region is redu-
ced to less than one third of the former value. This explains 
the large upward shifting of top flow line in the central 
region as the value of XB/H is increased from 0,8 to 3.0. in 
an earth dam section. 
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3,2,3.S Star-ting point of Curve of Top Plow Line, 
The distance of s ta r t ing point of curve of top flow 
l ine a t the elevation of reservoir water siirface from the 
entry point, in case of earth dam section with reservoir 
depth lOOra and with horizontal toe drain are given in 
Table 3,1 (para 3.2.1.5)* for a l l the 6 v^alues of 9^g and 
a l l the 4 values of XB/H. The discussion in th i s regard of 
para 3.2,1,5 i s not being repeated here. However i t may be 
pointed oxit that as the value of XB/H i s increased from 0,8 
to 3,0, the location of the s tar t ing point of the curve of top 
flow line sh i f t s s l igh t ly towards the upstream (Table 3,1). 
This i s a d i rec t consequence of the large amount of reduction 
in the average gradient and upward shif t ing of top flow line 
as XB/H i s increased from 0.8 to 3,0, 
3,2,4 Top Plow Line as obtained by Casagrande's Method -
Comparison with the True Location as predicted by 
f in i te element analys is . 
The procedure usually in vogue for determination of 
seepage l ine i s proposed by Casagrande, who by graphical 
sketching showed t ha t the coo^juted seepage l ine approximates 
quite closely the "base parabola** established by Kbzany for 
the free surface in an earth dam on an impervious base with 
a parabolic upstream face and a downstream horizontal under-
drain, with departures therefrcra due t o the local condition of 
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ingress and egress . Casagrande, on the basis of graphical 
studies by means of flownet, in case of earth dams of t r a -
pezoidal cross sections, gave the location of s ta r t ing point 
of the parabola, on the water surface a t a distance in front 
of dam equal to 0,3 times the horizontal wetted face length 
i e 0.3 H cot 9 / . The assxaraed parabolic shape resu l t s from tie 
u/s 
Dupxiit approximation that the hydraulic gradient i s constant 
for any ve r t i c a l section and equal t o the slope of phreatic 
l i n e . Casagranda also suggested a correction to be applied 
a t the lower end of the base parabola, 
Casagrande's method, probably because of i t s simplicity 
has been widely used in engineering pract ice . Therefore, i t 
i s considered prudent to compare the location of top flow 
l ine calculated by t h i s method with the true location of the 
top flow l ine as obtained by the f i n i t e elen»nt analysis of 
earth dam sec t ions . Thus the cvirves of t o p flow l ine as 
obtained by the f i n i t e element analysis of 96 earth dam sec-
tions as well as those obtained by the method suggested by 
Casagrande, are plot ted vide Figs . 3.31 to 3.54, to fac i l i t a te 
comparision, for 4 different values of XBAi = 0,8, 1.5, 2.0, 
3.0, for 6 different values of G .^  a 15°, 30°, 45°, 60°, 75°, 
90°, and for 4 different values of 0^ ^^ ^ » 60°, 90°, 135°, 180°. 
The required calculations were carr ied out and plots were 
obtained on VAX-li/780 DEC Computer Dot Matrix Printer and 
hence the three components which form the basis for obtaining 
the curve of top l ine in the Casagrande's method, i e . . 
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(i) normal to upstream face at entry point, (ii) base parabola 
for that dam section, and (iii) location of exit point on the 
downstream seepage face, are plotted separately in the above 
figures. The entrance and exit conditions are adjusted by 
sketching two smooth arcs by hand, one tangent to the base 
parabola in the upstream region and normal to upstream face 
at entry point, and the other tangent to base parabola in the 
downstream region and intersecting the downstream seepage 
face at exit point, either tangentially in cases where Oj^/^ 
^ 90*^  or vertically in cases where ©Q/O /* 9^ « 
In order to accomodate the curves of top flow line for 
dam sections with all the four values of XB/H = 0,8, 1,5, 2,3, 
3,0, on the same page to facilitate comparision, these cvucves 
of top flow line are plotted with different scales in vertical 
and horizontal directions. Thus the vertical scale is slightly 
more than twice of that in the horizontal direction. 
In case of earth dam sections with flatter upstream 
face say with 9^^ » 15°, 30°, the top flow line as calculated 
by Casangrande *s raet±iod is seen to be much below the true loca-
tion of top flow line as obtained by the finite element analysis 
of that earth dam section, irrespective of the slope of down-
stream seepage face. This difference in the location of the 
top flow line as obtained by the abofe two methods is quite 
large in case of earth dam section with smaller value of 
xa/K =. 0.8, but reduces gradually in magnitude as the value 
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of XB/H i s inc reased to 1.5# 2.0 and f i n a l l y t o 3 ,0 . since 
the e f f ec t of e x i t condit ions i s absent i n case hor izon ta l 
toe d ra in comprising the downstream seepage face# such ear th 
dam sec t ions w i l l now be considered f i r s t of a l l . As the 
upstream face i s made s teeper in case of ea r th dam section 
with ho r i zon t a l t oe d ra in , the gap between the curves of 
top f low obta ined by the above two methods gradual ly decreases 
t i l l i t reaches a minimum value i n case of ear th dam section 
with e / • 60°# so much so t h a t t h e two cxirves seem to 
u / s 
coincide in most of i t s length i n the downstream region in 
case of ea r th dam sec t ion with value of XB/H ^ 1 . 5 . When the 
upstream face i s made s t i l l s teeper with 6y/g » 75 o r 90 » 
t h i s gap between the curves of t h e top flow l i n e as obtained 
by the two methods i s now seen t o i nc r ea se s l i g h t l y . However 
i t may be mentioned t h a t the top flow l i n e as ca lcu la ted by 
the Casagrande's method i s in a l l cases seen to be below the 
t rue loca t ion of top flow l i n e as obta ined by the f i n i t e 
element a n a l y s i s of ea r th dam s e c t i o n s . Thus even in case of 
slope of upstream face e ^ ^ » 60°, when the top flow l ine 
obtained by the two methods seem t o co inc ide in the downstream 
portion in case of ea r th dam sec t ion w i th XB/H > 1.5, the 
top flow l i n e ca l cu l a t ed by Casagrande 's method i s seen to be 
somewhat below the t r u e value of top flow l i n e i n the up-
stream por t ion (Pig. 3 .52) . 
Almost sinmilar behaviour i s observed in case of 
ea r th dam sec t ions with downstream roc3cfill toe i e 
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Q / » 135°# because here in this case the length of seepage 
path is only marginally less than that in the case of down-
stream horizontal drain and consequently the location top flow 
line as obtained by the finite element analysis nearly coin-
cides for both cases of ©^/g " ^®°° ^ "*^  ^^^° ^^'^ ^^® Casa-
grande *s base parabola is not governed by the slope of down-
stream seepage face and any departure due to the local condi-
tion of egress is only minimal in this case (Fig, 3,43 to 
3.48). 
Now, as the downstream seepage face is made vertical 
Q . a 90° as in case of chimney drain and then is made to 
incline in the upstream direction ©rj/o " 60 as in case of 
vertical core in a rockfill dam, the length of seepage path is 
reduced slightly and this consequently results in slight low-
ring of the elevation of trxie location of top flow line as 
obtained by the finite element analysis, in the downstream 
portion, the effect being comparatively more prominent in case 
of earth dam section with smaller valxie of XB/H « 0,8 (Para 
3.2,2,4). However on the other hand, although the base parabola 
is not governed by the slope of downstream seepage face, but 
the departure therefrom due to local condition of egress is 
quite significant, due to the large correction which is app-
lied to the intercept between the focus and point of inter-
section of base parabola with downstream seepage face, as 
suggested by Casagrande, to obtain the location of exit point. 
Thus in cases where e^^^ ^ 90°, the top flow Une as obtained 
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by casagrande i s s ignif icant ly lowered in the small length 
close to exi t point . This effect i s c lear ly v is ib le in the 
plots of top flow l ine as obtained by the above two methods 
in case earth dam sections with ©j^ /g ^ 90 . Thus unlike the 
case of earth dam section with downstream horizontal drain 
where the gap between the cxirves of top flow l ine as calculated 
by Casagrandes method and that obtained by the f in i te element 
analysis , as shown in Pigs 3,49 to 3.54 i s minimum at the exit 
point and gradually increases for points in the xrostream region, 
the gap between the curves of top flow l ine as obtained by 
the above two methods in case of ve r t i c a l core section or in 
case of earth dam section with ciiimoey drain i e Q^/o ^ 9 0 ° 
i s minimum a t a point a small distance upstream of the exit 
point and is seen to increase in the region both upstream and 
downstream of that point, in case of earth dam section with 
f l a t t e r \:^stream face ie with ©^/g ^ 30° (Figs. 3,31, 3,32, 
3,37, 3,38), As the upstream face i s made steeper (ie © / ~~?, 
45°), in case of ve r t i ca l core section (©r>/c * ^^^) or in an 
earth dam section with chimney drain (©^/o • 90 ) , the top 
flow line as calculated by Casagrande *s method although s t i l l 
s l ight ly below the true location of top flow l ine as obtained 
by the f i n i t e element analysis in the upstream region, is now 
seen to be above the tnae location of top flow l ine in the 
central region and ju s t before the ex i t point is again seen 
to be below the t rue location of top flow l ine (Figs, 3,33 to 
3,36 & 3,39 to 3,42). 
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3,3 LENGTH OP DOWNSTREAM SEEPAGE FACE, 
The parameters which govern the location of top flow 
line in an eari:h dam section and hence determine the loca-
tion of exit point where the top flow line intersects the down-
stream seepage face* and thus govern the length of downstream 
seepage face are 
(i) Leagth of seepage path in the earth dam section as 
manifested by the value of XB/H, 
(ii) Slope of downstream seepage face, ©j^ /g 
(iii) Slope of upstream face of the dam, 0 /^3 
The variation of the length of downstream seepage face* 
both as obtained by the finite element analysis of 96 earth 
dam sections* as well as that calculated by Casagrande's 
method* and expressed in non dimensional form as L/H, are 
plotted separately against each of the above 3 parameters 
(Fig. 3.55 to 3.82). A logical explaination is also given for 
the variation of L/H, as obtained by the above two methods* 
with each of the above three parameters, 
3.3.1 Effect of XB/H on the Length of Downstream Seepage 
Face* L/H 
The variation of L/H with XB/H is plotted vide Figs. 
3.55 to 3.64* In order to study the effect of the slope of 
downstream seepage face ©^^3* as well as t hat of the slope 
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of upstream face of the earth dam Q, , on the variation of 
L/H with XB/H# two different sets of plots are presented. In 
first set, the curves showing the variation of L/H with XB/FI, 
in case of earth dam sections with all th e 4 values of ©Q/O" 
60*^ , 90°, 135°, 180°, but for only one particular value of 
0 / are plotted vide Figs 3.55 to 3.60. In the second set, 
the curves of L/H Versus XB/H in case of earth dam section 
with all the 6 values of 9 .^  » 15°, 30°, 45°, 60°, 75°, 90° 
but with o nLy one particular value of ©^/g ^^® plotted vide 
Pigs. 3.61 to 3.64, 
The plots indicate that the value of L/H as obtained 
by both the methods is maximum in case of earth dam section 
with XB/H « 0.8 and is seen to decrease rapidly as XB/k is 
gradually increased to 3.0. This behaviovu: is due to the 
fact that the top flow line in an earthdam section obtained 
by either of the above two methods, in general approximates 
a parabola and obvioxisly with the value of H as fixed, as the 
horizontal distance of focus from the starting pSint of para-
bolic curve on the water svirface is increased, the gradient of 
the parabolic curve is reduced drastically and consequently 
the intercept between the focus and the point of intersection 
of the parabolic cvurve with the downstream seepage face is also 
reduced significantly. 
considering the first set of plots presented vide Pigs. 
3.55 to 3.60, it is seen that for any value of XB/^ the value 
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of L/H i s nvaximum in case of ve r t i ca l core section ©j,/- = 60° 
and reduces rapidly for ©Q/g = 90 (Chimney drain) , and 
f in -a l ly a t t a in s the minimxam value for ©r>/c = 135° & 180° 
ie for rockf i l l toe and downstream horizontal drain when the 
two cxirves of L/H Vs XB/k seem to coincide. This behaviour 
a r i ses from the property of the parabola. The intercept be t -
ween the focus and the point where any s t ra ight l ine passing 
through the focus in te rsec t s the parabola i s minimum, when 
the above s t ra ight l ine i s horizontal and increases rapidly 
as the above s t ra igh t l ine i s made ve r t i ca l and i s f inally 
inclined in the upstream di rec t ion . 
Further more the var ia t ion of L/H with XSAi i s quite 
large in case of ve r t i c a l core section ©Q/O = 60 and i s seen 
to reduce s ignif icant ly as ©Q/O i s increased to 90 and then 
f inal ly to 135° & 180 • The above phenomenon i s also a con-
sequence of the fact tha t the top flow l ine in both cases, 
e i ther obtained by the f in i t e element analysis or as calculated 
by the Casagrande's method, approximates a parabolic curve. 
To explain the effect of slope of downstream seepage face 
0 /_ on the variat ion of L/H with XB/H, consider a parabolic 
curve aligned in the same direct ion as the plots of top flow 
l ine presented vide Figs, 3,1 to 3,54 and 4,1 to 4,4, I t i s 
coninon knowledge that the gradient of the parabolic curve at 
a point ve r t i ca l ly above the focus is unity, i r respect ive of 
the horizontal distance of the s ta r t ing point of parabola on 
the water surface from the focus. Moreover the effect of this 
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distance of s t a r t i n g point of parabola from the focus, on 
the location of the parabolic curve i s comparatively small 
on the portion of the parabolic curve downstream of the 
focus# and t h i s explains the fact t ha t the variat ion of 
IJ/H with XB/H i s s ignif icant ly small in case of earth dam 
sections with rockf i l l toe Qn/o =» 135 , or with downstream 
horizontal drain ©jj/o » 180 , On the contrary, the gradient 
of the parabolic curve in the portion upstream of focus, i s 
great ly affected by t h i s horizontal distance of the focus from 
the s ta r t ing point of the parabola on the water surface. When 
th i s horizontal distance of the focus from the s ta r t ing point 
of parabola i s small, the gradient of the parabolic curve in 
the poxrtion \:5)stream of the focus i s very steep, and if a 
s t ra ight l ine i s drawn throxi^ the focxis and i s inclined 
in the upstream direct ion, the intercept between the focus 
and the point where th is s t raight l ine in te rsec ts the para-
bolic curve, i s q\aite large . However, when the distance of the 
focus fran the s tar t ing point of the parabola i s increased, 
the gradient of the parabolic carve in the portion upstream 
of focus, reduces d ras t i ca l ly , resul t ing in considerable 
lowering in the elevation of the parabolic curve in the por-
tion close to and vipstream of the focxas, and consequently if 
a s t ra igh t l ine i s drawn through the focxis and i s inclined in 
the upstream direct ion, the intercept between the foctis and 
the point where th i s s t ra ight l ine in te rsec t s the parabolic 
cxirve i s now comparatively much smaller. This explains the 
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fact that the variation of L/H with XB/H is quite large in 
case of earth dam secticai with ©p/3 ^  90 ie in case of 
vertical core or diimney drain. In the Casagranda's method 
the starting point of base parabola on the water surface is at 
a distance 0,3 H Cot 9^g upstream of entry point and in case 
of earth dam section with flatter upstream face* this distance 
is a significant portion of the total length of seepage path, 
and to that extent the effect c£ XB/H on the location of base 
parabola and consequently on the length of downstream seepage 
face is reduced, and this explains the considerably sraallar 
variation of L/H, as calculated by Casagrande *s method, with 
XB/H in case of earth dam sections with smaller values of 
e / ie with flatter upstream face. 
u/s 
Now coming to the second set of curves ploted vide 
Pigs, 4,61 to 4,64, it is seen that the variation of LAi 
with XB/H is more in case of earth dam sections with steeper 
upstream face. This phenomenon as regards the curves L/H 
Versus XB/H, obtained from Casagrandes method has been expla-
ined above. The explaination regarding the behaviour of cuir-
ves hAi versxas XB/H as obtained from the results of finite 
element analysis of earth dam sections, is given below, AS 
described vide para 3,2,1,4, and shown.vide Pigs, 3,1 to 
3,12, when the upstream face is made steeper, the top flow 
line shifts upwards in the central portion and in the down-
stream direction in the region close to exit point. This 
shift in the location of top flow line consequent to the 
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slope of upstream face being increased from Q ^ =15 to 
0 y » 90 • has a maximum value of more than twice, in case 
of earth dam section with XB/H m 0,8, as compared to that of 
the shift in the location of top flow line in the case of 
dam section with XB/H = 3»0, and this explains the greater var-
iation of L/H with XB/H in case of earth dam sections with 
steeper up stream face* 
3•3.2 Effect of Slope of Downstream seepage Face ©^/o on 
the Length of Downstream Seepage Face L/H» 
The variation of L/H ©jj/c is plotted vide Pigs. 3.65 
to 3.74, The results are presented as two sets of plots. In 
the first set the curves of L/H Versus ©^/g pertaining to 
earth dam sections with all the 4 values of XSAi » 0,8, 1.5, 
2.0, 3,0 but for only one E>articuiar value of 6^ /g are plotted 
vide Pigs 3,65 to 3,70, In the second set, the curves of 
L/H versus XB/H in case of earth dam sections with all-the 
6 values of 9 / = 15*^ , 30°, 45°, 60°, 75°, 90° but for only 
u/s 
one particular value of XB/H are plotted vide Figs. 3,71 to 
3,74. 
The plots indicate that the value of L/H as obtained by 
both the methods is maximum in case of vertical core section 
0_y » 60 and decreases rapidly as the downstream seepage 
face is made vertical in case of chimney drain ©Q/g « 90 
and attains a rainiraura value in case of downstream roc3cfill toe 
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and horizontal drain ©n/c = ^35 & 180 , Pxirthennore 
i t i s seen tha t the value of li/H i s almost same in case of 
earth dam section with e^j/g = 135 and Q-Q/S ' ^^° • ^ 
described e a r l i e r t h i s behaviour a r i ses out of the fact that 
the top flow l ine in general approximates a parabolic CTJirve, 
with s t a r t ing point of the parabolic curve a t the water surface/ 
and with focxis a t the toe in case of ve r t i c a l core section or 
a t the upstream end of internal drainage system. In case of 
a parabola, i f a s t ra ight l ine i s drawn through the focus, 
the intercept between the focus and the parabola, i s mini-
mum for QQ/O = 180* ,^ and increases only marginally when ©j-j/g 
= 135°, and thereaf ter increases rapidly as ©p/g ^s made equal 
to 90° and f ina l ly made equal to 60 • In case of Casagrande's 
method the valtie of length of Seepage face i s obtained by 
applying a correction depending on the value of Q-^/s ^° ^^ ® 
above in tercept , while the top flow l ine as obtained by the 
f in i t e element analysis i s seen t o dip downwards in the region 
close to the exi t point and that i s the reason for "LM having 
almost the same value in case of eairth dam section with ©T^/- » 
135° 6c 180°, I t i s a l so noted from the plots tha t the varia-
t ion of L/H with 9 Q / 3 i s quite large in case of earth dam sec-
tion with XB/H » 0,8 and th i s variat ion of ItAl with © / 
D/S 
reduces considerably as the value of XB/k i s increased to 3,0, 
This behaviour i s quite obvious because when XB/H a 0,8, the 
gradient of top flow line upstream of the toe of the ver t ical 
core i s very steep and consequently the length of seepage face 
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in case ©n/e "^50°» ^s quite large. However when XB/H is 
increased to 3,0 the gradient of top flow line upstream of the 
toe of vertical core is drastically reduced^ resvilting in a 
considerably smaller length of seepage face in case of 
Gjj / » 60 . On the contrary the effect of XB/H is comparati-
vely less marked on the location of top flow line down stream 
of focus of the parabolic curve ie downstream of upstream end 
of the internal drainage system. This explains a large variation 
of L/H with ©Q/O ^^ case of earth dam section with smaller 
value of XB/ii s 0,8, and a considerably smaller variation of 
L/H with ©Q/3 when the valtie of XB/H is increased to 3,0, 
to 3,74, 
The second set of plots presented vide Fig, 3,71/illus-
trates the effect of ©^ 1/3 °^ ^^^ variation of LAi with ©jj/s* 
It is indicated that although the variation of L/H with ©Q/O 
is not markedly affected by the slope of upstream face of the 
earth dam, Q^^ , ^j^^ value of L/H at any particular value of 
e / increases as the v^ jstream face of the dam is made steeper. 
As described earlier vide paras 3,2,1,1. and 3,2,3,1, the 
gradient of top flow line is governed largely by the length 
of seepage path as manifested by the value of XB/H in that 
earth dam section. In case of flatter upstream face the 
water enters the upstream face with a greater downward incli-
nation and this has the effect of lowering the location of 
top flow line and hence the top flow line intersects the 
downstream seepage face at a lower elevation, resulting in 
a smaller value of length of seepage face. In case of a ver-r 
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steep upstream face# water enters the dam section at a 
very flat gradient and this has the effect of so to say of 
lifting up the top flow line which now intersects the down-
stream seepage face at a higher elevation, resulting in a 
greater value of the length of downstream seepage face. 
Obviously this effect of entry conditions* is more marked 
in case of earth dam section with a smaller length of seepage 
path as manifested by XB/H = 0.8 (Fig. 3.71) and is markedly 
reduced when the length of seepage path is increased by 
making the value of XB/H a 3 (Pig. 3.74). 
3.3.3. Effect of Slope of Upstream Face 9^^ on the 
Length of Downstream Seepage Fac«. 
Here also the variation of L/il with ©^/g is presented 
in two sets of plots. In the first set the curves of I^ /H 
Versus e / , for all the 4 values of Q^/^ » 60°, 90°, 135°, 
180° but for a pariciilar value of XB/k are plotted vide Figs. 
3.75 to 3.78. In the second set of plots, the curves of V H 
versus ©^g/ for all the 4 values of XB/H « 0.8, 1.5, 2.0,3.0 
but for a particular value of ©rj/g are presented vide Figs 
3.79 to 3.82. 
The plots indicate that the length of downstream see-
page as expressed in nondimensional form by L/H and obtained 
by either of the above two methods increases as the upstream 
face of the earth dam is made gradually steeper by increasing 
the value of e ^ ^ fron 15° to 90° at an interval of 15°. The 
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v a r i a t i o n of hAi wi th O f i s q u i t e l a r g e in case of v e r t i c a l 
core sec t ion 9rj/c =" ^Q° with a smaller va lue of XB/H = 0,8, 
but reduces r ap id ly t o a very small va lue when Sj^/g i s made 
equal to 135*^ or 180° in case of e a r t h dam with r o c k f i l l toe 
or downstream hor i zon ta l dra in , or when t h e value of XB/H 
i s increased to 3»0. 
A oomparasion of t he curves of L/H versus ©vi/s *^ 
obtained by t h e above two methods i n d i c a t e t h a t t he behaviour 
of the curves L/H versus 6 y as obta ined by the f i n i t e e l e -
ment ana lys i s of 96 eairth dam sec t ion i s exac t ly t h e opposite 
t o t h a t of t h e curves of L/H versus 9^j/_ ^s obtained by the 
Casagrandes method. Thus the cxirves of L/K versus ©^/g as 
obta ined by the f i n i t e elemecit a n a l y s i s , a re comparatively 
f l a t t e r for smal ler value of 9 . and gradua l ly becomes s t e e -
per as the va lue t o e / i s increased to 9 0 ° . On t h e contrary 
the behaviour of the ciirves of L/H Versxis e / as obtained by 
Casagrandes method i s exac t ly t he opposi te of the above. Here 
the curves of LAi Versus © ^ are comparatively s teeper in 
casd of smal ler va lues of e / and become f l a t t e r as the value 
of 9,^ i s inc reased t o 90° , The above behaviour of the curves 
of L/H versus 9 ^ ^ explains the g r e a t e r d i f fe rence in the value 
of L/H as obta ined by the two methods, both for a very small 
value of 9 . = 15°, a s well as for a l a r g e value of 9 / . 
o • ^ ^ 90 , while for an in termedia te values of 9 . » 45° or 60° 
u/s 
this difference in the value of L/H as calculated by the 
two methods is seen to be minimum. In other words, since the 
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Length of downstream seepage face as obtained by the f in i t e 
element analysis t a l l y exactly with Kozney's theoret ical 
solution for dam section with parabolic upstream face and with 
the r e su l t s of exact solution of earth dam section with hor i -
zontal toe drain presented by Moayeri, i t can be safely con-
cluded that in an earth dam section the length of downstream 
seepage face as obtained by the Casagrandes method i s in 
greater error both in case of earth dam section with very 
f l a t as well as in case of very steep upstream face and i s 
comparatively closer to i t s t rue value in case of earth dam 
section with moderate slope of upstream face. 
The above behavioxjr of the cxorve of Wil Versxis e .^  
i s explained as under. In Casagrandes method, the start ing 
point of the base parabola i s on the water sxirface at a d i s -
tance 0,3H Cot e . upstream of the entry point . In case of 
very f la t upstream face th i s distance i s qui te large and this 
resu l t s in considerable lowering of the elevation of the 
curve of base parabola in the downstream region. As the up-
stream face i s gradually made steeper, th i s distance 0,3 H 
Got e i decreases a t a ra te which rapidly reduces as Q^-
i s increased to 90° and consequently the elevation of the 
curve of base parabola also increases a t a decreasing rate 
as the upstream face i s made steeper, and obviously this 
behavioxor i s also ref lected in the value of the intercept of 
any s traight l ine between the focus and the base parabola. 
This explains the steeper slope of L/H Versus 9 , curves as 
u/s 
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obtained by Casagrande's method, in case of smaller values 
o f e / and a flatter slope of L/H versus ©^g curve as 
the value of Q y is gradually increased to 90 • 
Now coming to the curves of h/Yi Versus ©y/g* ^s 
obtained by the finite element analysis of earth dam section, 
as discussed vide para 3.2,1,1 & 3«2.1,4 the top flow lines 
for the earth dam sections with any particular value of XB/H 
and ©r,/q* ^^^ with all the 6 different slopes of upstream face 
e y = 15°, 30°, 45°, 60°, 75°, 90° are generally parallel to 
u/s 
each other. As the slope of upstream face of the dam is made 
steeper, the location of top flow line shifts upwards in the 
central portion and in the downstream direction in the region 
close to exit point. Furthermore* this shift in the location 
of top flow line, consequent to upstream face being made 
steeper, is small in case of earth dam sections with flatter 
upstream face, but increases progressively as the upstream 
face is made steeper, as manifested by the progressively 
increasing gap vetween the ciorves of top flow line for diff-
erent values of e / which is increased from Q , = 15° to 
u/3 xi/s 
©y/g => 90° at a regular interval of 15 (Pigs 3.1 to 3.12). 
Consequently if a straight line is drawn, through the toe in 
case of vertical cor« section or through the upstream end of 
internal drainage system in other dam sections, the intercept 
of this straight line between the above point and the point 
where it will intersect the top flow line obtained for 
gradually increasing value to e^^^, will increase at a pro-
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gressively faster rate as the ijpstream face of earth dam is 
gradually made steeper. This explains the comparatively fla-
tter slope of the curve of L/H Versus ©v^ /g as obtained by the 
finite element analysis of earth dam section*, in case of 
smaller values of 0^_ and a steeper slope of the curve of 
L/H Versus 9 ^ # as the value of 9^_ is gradually increased 
to 90®. 
The value of L/H as obtained by the Casagrandes method 
in case of earth dam section with downstream horizontal drain, 
is closest to its true value as obtained by the finite element 
analysis, when the slope of upstream face ©^^ is equal to 
60° (Fig. 3.75). The value of L/H as obtained by Cassagrande's 
method in case of vertical core or in case of earth dam sec-
tion with chimney drain, is closest to its true value when 
the slope of upstream face ©^g is equal to 45° (Fig, 3,75). 
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CHAPTER 
A NEW METHOD PROPOSED FOR PREDICTING THE LENGTH OF EOWNSTREAM 
SEEPAGE FACE AND LOCATION OF TOP FLOW LINE 
A. 1 INTRODUCTION 
4.1,1 General 
The water stored behind a dam always seeks to escape. 
When seepage takes place through a large mass of soil as an 
earth dam, the upper boundary line, which is required for 
drawing the flownet and consequently estimating the seepage 
discharge through the earth dam is not defined* Instead its 
position is fixed by seepage in the same way as the depth of 
flow is fixed in an open channel by flow considerations^ 
For an earth dam composed of homogeneous material 
located on a foundation of impervious material the seepage 
line will cut the downstream face above the base of the dam, 
unless, of course, special drainage measures are adopted. If 
this line is allowed to intersect the outside dov/nstream face 
much above the toe, more or less serious sloughing may take 
place and ultimately failure may result. Internal drainage 
provisions are made in such earth dams to avoide the emergence 
of line of seepage on downstream slope and consequent erosion 
or piping of the embarkment material. Horizontal underdrains, 
chimney drain or a rockfill toe, which attract the line of 
seepage to impinge on them, are often provided in earth dams, 
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to take care of this contingency. In case of clay core in 
rockfill dams the dovmstream filter drain takes care of the 
seepage discharge. 
Furthermore an inaccurate determination of the 
location of the seepage line may result in predicting pore 
pressures which are different from those occurring in the 
actual dam section and this may lead to the calcxolation of 
the factor of safty in the stability analysis, which may be 
in variance with the actual correct values. 
The principal dimensions of earth dams, which are 
generally specified on the basis of experience (slope of faces, 
impervious clay core, drainage etc.) must be checked by 
statical and seepage calculations. In order to perform these 
calculations the position of seepage line in the dam body and 
the flow net must be determined. Theposition of seepage line 
must also be known, in order to determine the optimian location 
of drainage, so as to ensure that the drainage serves its 
primary purpose of preventing efflux of seepage into the open 
discharge face and also that of lowering the seepage line so 
as to increase the distance between the seepage line and the 
downstream face. 
The determination of seepage discharge, through the 
body of the dam, apart from giving an estimate of loss of water 
from the reservoir, is also necessary particularly for the 
design of drainage. 
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The acciArate determination of the free surface, 
comrconly known as the top flow l i n e , seepage l i n e or phrea t ic 
surface, the re fore , i s of prime importance for the safe 
design of ea r th dams. 
4.1.2 Presen t ly ava i l ab le Methods. 
The problem of determining the pos i t ion of the l ine 
of seepage in the body of an ear th dam i s almost as old as 
the basic law of motion of ground water (Darey's law 1856) 
i t s e l f . As ear ly as 1863 Dupuit Studied Seepage flow v/ith a 
free surface on a hor izon ta l impervious boundary and assuming 
v e r t i c a l equ ipo ten t ia l l i n e s and a hydraiil ic gradient indepen-
dent of depth, he obtained a parabola fo r the free surface. 
(14) Later, Dupuits assumptions were used by o ther invest igators^ ' 
to study the problem of seepage through ear th dams with various 
drain condi t ions . 
In 1931, Kozeny^ ' '^ studied the problem of seepage 
through an ear th dam on an inqDervious base with a parabolic 
t^)stream face and a hor izonta l underdrain. Using conformal 
mappir^g, he obtained a parabola for the free surface. Based 
on Kozeny's so lu t ion , an approximate method for determining 
the p o s i t i o n of the free surface in dams of t rapezoidal cross 
sec t ions was suggested by Casagrande i n 1937, who hy graphical 
sketching showed tha t the computed seepage l i n e approximates 
qxiixe c lose ly the ,"base parabola" es tab l i shed by Kozeny for 
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the case of horizontal downstream drain with departures 
therefrom due to local conditions of ingress and egress. He 
suggested a parabola for the free surface that has its focus 
at point B and passes through points C and E (Fig.1.1), where 
DE is approximately 0. 3 H Cot 0^^ and BC is given by Kozeny's 
solution. Then the entrance condition can be adjusted by 
sketching in the smooth are EM normal to AD at D and tangent to 
the parabola at M. Casagrande, on the basis of graphical 
studies by means of flownet, thus gave the location of the 
starting point of the parabola, and also suggested a correction 
to be applied at the lower end of the base parabola to obtain 
the location of exit point. 
Analytical methods of handling such problems have also 
been developed. However they are generally not only difficult 
to apply, but either are limited only to flow systems with 
simple boundary conditions or in some case are not accurate 
enough as approximations are used to obtain the solution. 
Folubarinova-Kochina presents a solution for the 
position of the free surface which was obtained by Numerov in 
19A2. Although Numerov's approach may give the solution in 
principle, approximations were used to obtain the resulting 
eqiiations. Using Numerov's solution, enough computations were 
carried out by Shankin to plot graphs fom which the coordinates 
along the free surface may be obtained. 
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Jeppson^ ' formxilated the problem of seepage through 
earth dams in the complex potential plans and solved the finite 
difference form of Laplace equation ^ 7 y = 0 in the ^  - y plane 
by an interative process. The free surface obtained by Jeppson 
was identical, at least for one example of earth dam with 
downstream horizontal drain, to that obtained by Numerov every 
where except in the vicinity of the upstream face, where there 
was a small deviation. 
Moayeri^ ' used inverse hodograph and conformal 
mapping to obtain an exact solution to the problem of seepage 
through homogeneous and isotropic earth dams with a horizontal 
toe drain. Earth dams with the angles between the i:5)stream 
face and horizontal equal to 15°, 30*, 45°, 60° and 90° were 
considered. The results are partly given in the form of graph, 
from which the length of drain, and the unknown parameters, 
that are necessary for calculation of the coordinates along 
the free surface, can be obtained. The value of L/H for 
different values of XB/H and 9y/g» obtained by Ma3rori are found 
to tally exactly in all cases v/ith that obtained by the finite 
element analysis of earth dam sections with horizontal toe drain 
(Para 5.1). He compared the results of his study with those 
obtained by other investigators, which indicate that Casagrande's^ ''^  
method of finding the approximate position of the free surface 
in an earth dam with horizontal toe drain, gives a good result 
only when the values of XB/K and 9^^ are larger than one and 45% 
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respectively. Also the coordinates along the free surface 
calculated by Numerov equations are more accurate for larger 
values of 9^g« 
Pavlovskey developed the method of fragments, which 
was later extended by Harr. It is an approximate method of 
seepage analysis and can be used for location of the phreatic 
surface for embankments with varying side slopes, heights, 
and crest widths. Pavlovsky^ •^' considered the dam to be 
divided into three zones. The respective seepage formula for 
each fragment are given by Harr. 
Michael W. Stello^ ''^ ^ realized the versatility of the 
method of fragments as a tool for seepage analysis and its 
ready adaptability to computer methods. He divided a typical 
embankment section into five fragments. Noting that entrance 
(15) 
and exit fragments developed by Pavlovsky^ ' are not good 
approximations of the actual flow conditions, particularly 
with regard to the assumed equipotential line, he modified 
the entrance and exit fragments to achieve a better approxi-
mation for flow net analysis. The results are given in the 
form of seepage charts for calculating two points on the 
phreatic surface A and B in an earth dam section vmere 3 is 
the exit point and A is a point very close to entry point. 
In comparasion to flownet solutions, the chart give an average 
error for points on the phreatic surface (A and B) of -3 and 
+A %, respectively. 
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4.1.3 Necessicity for a New Method. 
In dealing vdth the seepage of water through earth 
dams and embankments under steady state conditions where a 
free surface is present, civil engineers has traditionally 
(12 "^ 5^  
relied on the graphical method of flownets) '^-"^ and have 
often based theory on Dupviit assumptions. 
The most commenly used method currently in vogue, for 
predicting the length of downstream seepage face and the 
location of top flow line in an earth dam section is the method 
proposed by casagrande. In spite of its many limitations, this 
method has ser'/ed the engineering profession well and continues 
to be popular with earth dam designers even after more than 
50 years since its inception, probably because of its simplicity, 
and also because of nonavailability of a suitable and reliable 
method applicable equally to different types of earth dam sections. 
Amongst the analytical methods, iMoayeri^  '^  has obtained 
an exact solution to the problem of seepage in earth dams, but 
his method besides being very combursome, has the limitation 
that it is applicable only to earth dams with horizontal toe 
drain. 
In actual practice, an earth dam section may either be 
a homogeneous embankment with flatter upstream and downstream 
faces and provided with internal drains, or it may be a zoned 
embankment as in the case of rockfill dams with vertical clay 
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cores usual ly with steep s ide slopes and a smaller value of 
XB/H which may genera l ly be l e s s than one. The Casagrande's 
method not only gives erroneous r e s u l t s i n the former type of 
ear th dam sec t ion , but i s found to be e n t i r e l y inadequate in 
p red ic t ing even an approximate loca t ion of top flow l i n e in 
the l a t t e r type of dam sec t ion i . e . a v e r t i c a l core with steep 
side s lopes. 
I t has been shown e a r l i e r t h a t the locat ion of top 
flow l i n e in case of ea r th dam sect ions with r e l a t i v e l y f l a t t e r 
upstream face, obtained by Casagrande's method, i s considerably 
below the t rue loca t ion of top flow l i n e in tha t earth dam 
sect ion (Para 3 .2 .4) . The pore pressiores obtained from the 
flow ne t drawn on the bas i s of thus p red ic ted locat ion of top 
flow l i n e , there fore , woiild be l e s s than the t rue value of pore 
pressures t h a t woiild a c t u a l l y develop i n t h a t earth dam section. 
A lower value of pred ic ted pore pressures would consequently 
r e su l t i n enhancing the ca lcu la ted value of shear strength and 
will give a value of f ac to r of saf ty in the s t a b i l i t y analysis 
tha t would be higher than the t rue value of saf ty factor. This 
in many cases may l u l l the ear th dam designer and the construc-
t ion engineer in to a f a l se sense of s ecu r i t y regarding the 
safty of the ear th dam as regards i t s s t a b i l i t y against s l id ing 
f a i l u r e . 
Again, and more important ly, the method proposed by 
Casagrande i s found to be t o t a l l y inadequate in case of ver t ica l 
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clay core with steep side slopes in a rockfill dam, because 
what to say of the correctness or otherwise of the predicted 
location of top flow line, the method fails to give even a 
rough guidance regarding the true location of top flow line 
in this case. This is better explained by means of examples 
of two different sections of vertical clay core shown in 
In the Casagrande method the top flow line follows the base 
parabola in most of its length in the central portion, while 
modifications are made at the ends for the entry and exit 
conditions. The i5)stream entry point D where the reservoir 
water surface intersects the upstream face of the vertical core, 
and the downstream exit point C, as obtained by Casagrande's 
method, as well as the base parabola for the two vertical core 
sections are shown in Figs. 4.41 and 4.42. The lipstreara face 
is an eqxoipotential line and therefore the top flow line at 
the entry point D, should be perpendicular to it. According to 
Cassagrande the entrance condition can be adjusted by sketching 
in the smooth arc EM normal to AD at D and tangent to the 
parabola at M (Fig. 1.1). This is clearly not possible in case 
of both the vertical core sections shown in Figs. 4.41 and 4.42, 
with 9^^ = 0^/^ = 65°, XB/H = 0.8 and 9^^ = 9^^ = 70^ 
XB/H = 0.7, respectively, because in both cases the normal to 
upstream face at the entry point D, do not intersect the base 
parabola and is everywhere above the base parabola. 
Furthermore the length of the base parabola within the 
vertical core sections is very small. The location of exit pcLnt 
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as obtained by Casagrande's method i s much below the point 
where the base parabola i n t e r s e c t s the downstream face. Thus 
in case of v e r t i c a l core sec t ions with s teep upstream and 
downstream faces, the base parabola does not provide any 
guidance regarding the loca t ion of top flow l i n e . This 
inescapable concltision i s fur ther re inforced by the perusal 
of the t rue loca t ion of top flow l i n e as obtained by the f i n i t e 
element ana lys i s of the two v e r t i c a l core sect ions because i t 
i s found t h a t the ac tua l top flow l i n e i n both the cases do not 
follow the base parabola even for a very small length. 
Consequently one i s l e f t with only two poin ts , the 
entry poin t on the t^streara face and the e x i t point on the 
downstream face, with absolu te ly no fur ther guidance as to how 
these two po in t s are to be Joined to obtain the locat ion of 
top flow l i n e . Furthermore, as shown i n exaniples 5 and k in 
para 4 . 2 . 2 , even the loca t ion of e x i t po in t obtained by 
Casagrande's method in the case of two v e r t i c a l core sect ions 
i s in e r ro r by 26.1 and 24.2 percent . 
The above l i m i t a t i o n of the method proposed by 
Casagrande should be a su f f i c i en t enough reason to warrant 
search for a more su i t ab le and r e l i a b l e method for predic t ing 
the t rue loca t ion of top flow l i n e . The f ac t tha t even the 
loca t ion of the e x i t po in t as obtained by Cassagrande's method 
i s much below i t s t rue loca t ion as obtained by the f i n i t e element 
ana lys is of these two v e r t i c a l core sec t ions , simply makes the 
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need for such an a l t e r n a t i v e method unavoidable. 
The method of fragments as developed by Pavlovsky'' •" 
and as extended by Harr^ '' i s improved xjpon by Michael W. 
Stello^ , v*io by modifying the entrance and ex i t fragments 
obtained a b e t t e r approximation for flow ne t analys is . His 
r e s u l t s are reported in the form of seepage char ts , for 
ca lcu la t ing c r i t i c a l po in t s on the ph rea t i c surface, in the 
journal of Geotechnical Engineering, ASCE, Septe:iiber 1987, 
and t h i s probably i s the l a t e s t work on t h i s topic t i l l date. 
However t h i s method has a major l i m i t a t i o n , t h a t i t gives the 
loca t ion of only two po in t s on the ph rea t i c sxirface, one a t 
the e x i t and the other an intermediate po in t close to the entry 
point . Furthermore, in case of homogeneous ear th dam sect ions , 
the loca t ion of second p o i n t i s so close to the entry point on 
the vpstream face t h a t i t i s p r a c t i c a l l y of not much help in 
the ac tua l flownet construct ion. Although the method i s quite 
sinrole and hence i s ea s i e r to use in p r a c t i c e , i t has an addi-
t iona l drawback tha t the predic ted values are only approximate 
in na ture . In case of above mentioned two ve r t i c a l core sections, 
V s = ®n/s = 70% XB/H = 0.7 and 9 ^ ^ = G^/^ = 65», X3/H= 0 .3 , 
the l oca t i on of ex i t po in t and hence the length of dovflistream 
seepage face as obtained by t h i s method are found to be higher 
than the t rue values by 8.675 and 11.2 percent respect ively 
(Examples 3 and 4 i s in para 4 .2 .2 ) . 
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It is thus evident that the presently available 
methods are either not capable of correctly predicting the 
true location of top flow line, as well as the length of 
downstream seepage face or are not equally applicable to 
different types of earth dam sections such as vertical clay 
core in rockfill dams as well as earth dam sections with 
different types of internal drainage provisions, making it 
imperative on the engineering profession to search for an 
alternate method which is not only more reliable but is 
applicable to all types of earth dam sections. The present 
study is a step in this direction. 
4.2 ESTIMATION OF THE LENGTH OF EOWNSTREAM SEEPAGE FACE 
4.2.1 Evolution of the Method for predicting the Length 
of Downstream Seepage Face 
In the initial stages of this study it was considered 
that the nondimensional form of the length of downstream 
seepage face L/H, may have some sort of exponential relation-
ship with XB/H, in case of earth dam sections with particular 
values of 9^^ and ©j^ /g. Representative plots of L/H VS XB/K 
on log-log scale, however displayed considerable scatter. A 
more complex relationship, therefore, is considered to relate 
L/H and XB/H. 
The effect of various parameters, i.e. slope of irosxream 
^^""^ V s ' s^°P^ °^ downstream seepage face ej.;^ and XB/H which 
govern the length of downstream seepage face L/H, in an earth 
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dam section are described in para 3. 3. In view of the above 
observation, that a simple exponential relationship is not 
found sufficient to describe the variation of L/H with XB/H 
regression analysis is considered necessary. The first step 
is to choose one of the above parameters as an independent 
variable for the above regression analysis. Obviously the 
variable to be chosen for the regression analysis would be 
one where the value of L/H for an intermediate value of that 
variable can not be accurately estimated by linear inte.oolation 
between the two values of that variable for which values of 
L/H are available. All the above mentioned three parameters 
governing the length of downstream seepage face, therefore, are 
examined from this angle. 
For any particular earth dam section, the value of 
L/H is found to increase as the upstream slope is made steeper. 
This increase is more prominent for smaller values of 6-,/ and 
^1 s 
XB/H and becomes insignificant as the value of XB/H approaches 
3 and 9^/^ becomes equal to or greater than 135°. Furthermore 
the rate of increase in the value of L/H with increase in the 
value of ©^3, also increases as the upstream face is made 
steeper (Figs. 3-75 to 3.82). 
However, it is noticed that this variation in the 
value of L/H with 6^^ is such that it can safely be assumed 
to be linear, between any two values of 9^^ for which values 
of L/H are available from finite element analysis of earth dam 
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sections. This is firstly because the interval between the 
two slopes of upstream face 0^^ is kept small at 15* and 
secondly and more importantly, because the gradient of the 
curve of L/H VS 9 / for an earth dam section with particular 
values of 9^/ and XB/H, increases only gradually as 9^^ is 
increased and do not show any abrupt change in its gradient. 
Therefore it is considered that, since the values of L/H for 
any intermediate values of 9 / can safely be obtained by 
linear interpolation, without any appreciable error, the slope 
of upstream face 9 / may not be chosen as an independent 
variable for the regression analysis. 
However, the above mentioned type of behavious is 
found to be not true in the case of variation of L/H with 
XB/H. The gradient of the curve L/H Vs XB/H is quite large 
for smaller values of XB/H and decreases rapdily as XB/H is 
increased. This is specially so for smaller values of slope 
of downstream seepage face (9r^ /c ^ 90") i.e. for the case of 
ver-cical core section (Figs. 3.55 to 3.64). Linear interpola-
tion, to estimate the value of L/H for an intermediate value 
of XB/H, between any two values of XB/H for v^ich values of 
L/H are available from the finite element analysis of 96 earth 
dam section?, therefore, is not considered reliable. 
Consequently regression analysis using least squares 
method was carried out to fit a cubic curve to the results of 
finite element analysis of 96 earth dam sections with L/H as 
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dependent and XB/H as independent variable. The above 
regression analysis was carried out in case of all the 24 
earth dam section having a particular value of slope of 
upstream face out of the six values of 6^^ = 15°, 30°, 45*, 
60**, 75", 90° and a particular value of slope of downstream 
seepage face out of the four values of Q-Q/Q= 60°, 90°, 135°, 
180°. The coefficients bO, b1, b2, b3 in the polynomial 
expansion of the form, 
( L ) ^  ^0 ^ bK ^ ) ' ' + b2(^)2 + b3(^)^ (4.1) 
were obtained in each case. 
The above coefficients bO, b1, b2, b3 as obtained for 
earth dam sections with each of the 6 different values of 
slope of upstream face ©^/g. were plotted against the slope 
of downstream seepage face QQ/S* and it was found that gradient 
of these curves showed great variation between values of Q^/g 
equal to 60" and 135°. Linear interpolation to obtain the 
values of these constant at any intermediate value of 9-./„, 
therefore, is considered not reliable. 
Consequently, regression analysis was also carried 
out with either of the above coefficients bO, b1, b2 and b3, 
for any particular value of slope of uostream face 9 / , as 
u/ s 
dependent variable and slope of downstream seepage face 9 
ly s 
as independent var iab les . Based on the r e s u l t of above regre-
ssion ana lys i s , the value of each of the above coefficients 
b0 , . b1 , b2. b3 are p l o t t e d against 9^^ for each of the a'Dove 
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6 d i f fe ren t values of ^ ^ / s ^ ^ ^ S 30% A5S 60% 75% 90* 
(Fig. 4.1 to 4 . 4 ) . The value of the above coeff ic ients bO, 
b1 , b2, b3 for any of the above 6 values of 9 ^ ^ and an 
intermediate value of ©o/g. can be read d i r e c t l y from the 
above curves. 
The values of these coef f ic ien t s bO, b1, b2, b3 are 
also p lo t t ed agains t 9 ^ ^ for each of the 4 d i f fe ren t values 
of e^/ = 60% 90% 135*, 180« (Figs. 4.5 to 4 .8 ) . The p lo t s 
ind ica te t h a t the gradient of the curves of the above coeff i -
c ients bO, b1 , b2, b3 p l o t t e d versus 9 ^ ^ var ies only gradually. 
Therefore, i t i s concluded t h a t the value of above coeffcients 
bO, b1, b2, b3 for in termediate values of 9^^^, can safely be 
obtained by l i n e a r i n t e r p o l a t i o n . 
These char t s , based on the r e s u l t s of f i n i t e element 
analysis of 96 earth dam sec t ions are presented here vide Figs. 
4.1 to 4.8 to provide a simple method for accurate determina-
t ion of the length of downstream seepage face in case of 
v e r t i c a l core of rx)ckfill dams, as well as in the case of earth 
dara sect ions with d i f f e ren t types of i n t e r n a l drainage systems, 
such as chimney drain, r o c k f i l l toe and downstream horizontal 
drain. The value of these coeffcients bO, b1, b2, b3 are read 
d i r e c t l y from the above cha r t s , for the slope of downstream 
seepage face 9^./^ in the given dam sect ion and are then calcu-
la ted by l i n e a r i n t e rpo l a t i on for the slope of irostream face 
of t ha t dam sect ion. These coef f ic ien ts are then subst i tu ted 
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in equation (4.1) to obtain the length of dovnstream seepage 
face for the given earth dam section. 
4.2.2 Application of the Method for Estimating the Length 
of Downstream Seepage Face. 
The above procedure for determination of length of 
downstream seepage face is best illustrated by the examples 
of 4 different earth dam sections. These earth dam section, 
were also analysed by the finite element method to obtain the 
true value of the length of downstream seepage face. The 
length of downstream seepage face as obtained by the proposed 
method is compared with that predicted by the finite element 
analysis of that earth dam section, to gauge the degree of 
accuracy of the method proposed herein this thesis. The 
corresponding values of length of downstream seepage face for 
these dam section as obtained by Cassagrande's method, as well 
as by the method of fragments as modified by Michael V/. Stello 
. (Journal of Geotechnical Engineering, ASCE, September 1937) are 
also given for coraparision. 
Example 1 - Earth dam with Horizontal Toe Drain 
Height of earth dam H = 100 m 
Slope of lo/s face of dam Q / = 90" 
Slope of D/S Seepage face 9,^ / =180° 
D/ s 
X3 =100 
XB/H =1.0 
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Value of Coefficient bO for ©Q/S= 180* [From Fig. 4.1] 
For 9 /g = 45" - bO = 0. 35240 
=600 - bO = 0.39881 
Therefore, for G,,/, = 50"- bO * 0.36787 [by l i n e a r 
^'^ in te rpo la t ion] 
Value of Coefficient b1 for 9^^/^ = 180° [ From Fig. 4.2] 
For e, .'- = 45*' - b1 = (-) 0.25615 
= 60° - b1 = (-) 0.30790 
Therefore, for 9 / = 50°- b1 = (-) 0.273^ [by l i nea r 
in te rpola t ion] 
Value of Coefficient b2 for 9^ /^ = 180" [From Fig. 4.3} 
For 9 ^ g = 45" - b2 = 0.08952 
= 60° - b2 = 0.11071 
Therefore, for 9 ^ ^ = 50°- b2 = 0.0965833 
Value of Coefficient b3 for Q^/ = 180° [From Fig. 4.4] 
For 9 ^ g = 45° - b3 = (-) 0.01178 
= 60° - b5 = (-) 0.01475 
Therefore, for 6 ^ ^ = 50°- b2 = (-) 0.01277 [by l inear 
in terpola t ion] 
Subs t i tu t ing the above values of coeff ic ients bO, b1, 
b2, and b3 in equation 4 . 1 , the length of downstream seepage 
face in the given earth dam sect ion with hor izontal toe drain 
i s obtained a s . 
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(L) , 0.36787 - 0.2734x(1.) + 0.0965333 x ( . ) ^ - 0.01277x( 1. )^ 
= 0.1782833 ["by proposed method] 
Now h = 0.178 [ a s obtained by f i n i t e element analysis 
" of ear th dam sect ion] 
Therefore e r r o r in es t imat ing the length of seepage face in 
the given ea r th dam sec t ion by the proposed method = 0.15915^ 
Also fc = 0.1752 Tby Casagrande's method] 
n 
and error in the calculated value of ^  = 1.575^ - The method 
of fragments as modified by Michael W, Stello is not applicable 
in case of earth dam with horizontal toe drain or with rockfill 
toe. 
Exacmle 2 - Earth dam with Rockfill Toe 
Height of earth dam, H = 100 m 
Slope of U/S face of dam,e^g= 50* 
Slope of D/S seepage face.ej^/g* 135° 
XB = 110 m 
XB/H = 1.1 
Value o± Coefficient bO. ^or 9^^/^= 135'' [From Fig. 4.1] 
For e ^ g = 45" - bo = 0.356103 
= 60* - bo = 0.402853 
Therefore, for 0 ^ ^ = 500-bo = 0.3716863 [by l i n e a r in terpola t ior 
Value of Coefficient b1. for 0^/^ = 135* TFrom F. 1] 
^ ° ^ °u / s = ^5* - b1 = (-) 0.258989 
= 60° - b1 = (-) 0.311217 
Therefore, fo r 9^^= 50*- b1 = (-) 0.2763983 [by l i n e a r 
in te rpo la t ion ' 
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Value of Coefficient b2. fo r 9^)/^= I^ S** [From Fig. 4.1] 
For e /g = 45*' - b2 = 0.0906483 
= 60" - b2 = 0.112022 
Therefore for 6,,/^= 50° - b2 = 0.0977728 [by l i n e a r 
^ ^ in terpola t ion] 
Value of Coefficient b3« tor Q^^=^J>5'' fFromFig. 4.1] 
For e ^ g = 45° - b3 = (-) 0.0119459 
= 60° - b3 = (-) 0,0149470 
Therefore for Q^ = 50° - b3 = (-) 0.0129462 fby l inea r 
in terpola t ion] 
Subs t i tu t ing the above values of coeff ic ients bo, b1, 
b2 and b3 in equation 4 . 1 , the length of downstream seepage 
face in the given ear th dam sec t ion with r o c k f i l l toe i s 
obtained a s , 
^ | ) = 0.3716863 - 0.2763983 x (1 .1) + 0.0977728x( 1. 1)^ 
- 0.0129462 X (1 .1 )^ 
= 0.1687219 [ by proposed method ] 
T 
Now # =0.1640487 fby f i n i t e element analysis of 
ear th dam sect ion] 
Therefore e r ro r in est imating the length of seepage 
face in the given earth dam sect ion by the porposed method 
= 2.8487 %. 
Also I = 0.1660912 [ by Casagrande's method] 
and e r ror in the calcula ted value of | = 1.245 % 
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Example 3 - Vertical Core Section or Earth dam without 
internal drainage. 
Height of earth dam, H = 100 m 
Slope of u/s face of dam, 9 / = 70* 
Slope of D/S face of dam, 0^ ,/ = 70" 
XB = 35 m 
XB/H =0.7 
Value of Coefficient bo, fo r Q^^^ = 70" [From Fig. 4.1] 
For e ^ g = 60« - bo = 1.23966 
= 75° - bo = 1.41908 
Therefore, for 9 /^ = 70*'-bo = 1.3592733 [by l i n e a r 
in terpola t ion] 
Value of Coefficient b1 , for 9^./^ = 70° [From Fig. 4.2] 
For e ^ g = 60« - b1 = (-) 1.01728 
= 75° - b1 = (-) 1.19116 
Therefore, for 9^^= 70»- b1 = (-) 1.1331999 [by l i n e a r 
in terpola t ion] 
Value of Coefficient b2. fo r e^^^ = 70" TFrom Fig. 43.] 
For e ^ g = 60» - b2 = 0. 34708 
= 75° - b2 = 0.40417 
Therefore, for 9^^= 70" - b2 = 0.38514 [by l i n e a r 
in terpola t ion] 
...Value of CoefflriPnt b ^ for Q^^ = 70" [FnDm Fig. 4.4] 
^ ° ^ ®u/s = ^0" - ^3 = (-) 0.04189 
= 75" - b3 = (-) 0.04802 
Therefore, for 9^^= 70" - b3 = (-) 0.0459766 fby l i nea r 
Interpolat ion] 
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S u b s t i t u t i n g t h e above va lues of c o e f f i c i e n t s bo, 
b 1 , b2, b3 i n e q u a t i o n 4 . 1 , t he l e n g t h of dovmstream seepage 
face i n t h e given v e r t i c a l core s e c t i o n i s ob ta ined asi 
(^) = 1.3592733 ~ 1.1331999 x ( 0 . 7 ) ' ' 
+0.38514 X ( 0 . 7 ) ^ - 0.0459766 x ( 0 . 7 ) ^ 
= 0.7389827 [by proposed method] 
= U . D O O / ^ / I . 
v e r t i c a l core s e c t i o n ] 
Now n  0.686797 [by f i n i t e e lement a n a l y s i s of 
There fo re , e r r o r i n e s t i m a t i n g t h e l e n g t h of seepage 
face i n t h e given e a r t h dam s e c t i o n by t h e proposed method 
= 7.59857 %. 
Akso t h e l e n g t h of seepage f ace o b t a i n e d by method 
of fragments as modified by Michael W. S t e l l o , f o r the given 
v e r t i c a l core s e c t i o n i s , 
I = 0.7463733 and t h e e r r o r = 8.675 =^  
^^20 L ^ Q^^Q^g^Q^ ^^y Casagrande ' s method] 
and the e r r o r = 26.08?^. 
Example 4 - V e r t i c a l Core Sec t ion o r E a r t h dam without 
i n t e r n a l d r a i n a g e . 
Height of e a r t h dam, H = 100 m 
Slope of U/S face of dam, 9 / = 65" 
Slope of D/S f ace of dam, Q^, = 65*' 
XB = 80 ra 
X3/H = 0 .8 
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Value of Coefficient bo. for Q^^/^ = 65" [From Fig. 4.1] 
For e ^ g = 60® - bo = 1.40791 
= 75* - bo = 1.61019 
Therefore, for 9 / = 70"-bo = 1.475336 [by l i n e a r 
in te rpo la t ion] 
Value of Coefficient b1, for 6^ /^ = 65° [From Fig. 4.2] 
For e ^ g = 60» - b1 = (-) 1.16650 
= 75 ' - b1 = (-) 1.36362 
Therefore, for 0 / = 70"- b1 = (-) 1.2322066 Tby l i n e a r 
in terpola t ion] 
Value of Coefficients b2. 0^g= 65* [From Fig. 4.3] 
For e ^ g = 60® - b2 = 0.39979 
= 75° - b2 = 0.46427 
Therefore, for Q^ = 65" - b2 = 0.4212833 [by l i n e a r 
in te rpola t ion] 
Value of Coefficient b3> ©1^3= 65" [From Fig. 4.4] 
For e ^ g = 60° - b3 « (-) 0.04844 
For e ^ g = 75° - b3 = (-) 0.05528 
Therefore, for 9^_^s=65° - b3 = (-) O.05O72[by l i n e a r 
in te rpola t ion] 
Subs t i tu t ing the above values of coeff ic ients bo, b1, 
b2, b3 in equation 4 . 1 , the length of downstream seepage face 
in the given v e r t i c a l core sect ion i s obtained as, 
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( ^ ) = 1.4753366 - I.2322066 X (0 .8) ' ' -f 0.4212833 x (O.S)^ 
n 
- 0.05072 X ( 0 . 8 ) ^ 
= 0,7332241 [ by proposed method] 
I = i j . o a i M ' 4 1 _ _, 
v e r t i c a l core sec t ion ] 
Now (n)  0.-6819  [ by f i n i t e element ana lys is of 
Therefore, e r ro r in est imating the length of seepage 
face in the given ear th dam sect ion by the proposed method 
= 7.52 %. Also the length of seepage face obtained by method 
of fragments as modified by Michael W. S t e l l o , for the given 
v e r t i c a l core sect ion i s , 
I = 0.7583037 
and the e r ro r = 11.198 % 
Also I = 0.5168331 [ by Cassagrande's Method] 
and the e r ro r = 24.21 %. 
In the above examples the valiae of coeff ic ients bo, b1, 
b2, b3 were obtained d i r e c t l y from the r e s u l t s of regression 
ana lys i s , which were used for p l o t t i n g these coeff icients in 
Figs. 4.1 to 4 . 3 . However, i f these coef f ic ien t s are read from 
Fig. 4. 1 to 4 .4 , i t w i l l not cause any appreciable difference 
in the r e s u l t s obtained in the above examples. 
The above examples of 4 ear th dam sect ions serve to 
i l l u s t r a t e the remarkable accuracy of the method in general, 
for p red ic t ing the length of downstream seepage face, as 
proposed here in t h i s t h e s i s as compared to o ther presently 
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ava i lab le methods. For the case of ear th dam sect ion with 
hor izonta l toe drain or with r o c k f i l l toe the length of 
downstream seepage face, as predicted by the proposed method 
as well as obtained by Cassagrande's method are very close 
to the t rue value of length of downstream seepage face as 
obtained by the f i n i t e element ana lys i s of ear th dam sect ion. 
The accuracy of the proposed method i s not surpr i s ing as i t 
i s based on the r e s u l t s of the f i n i t e element analysis of 
ear th dam sec t ions . As regards the Cassagrande's method, i t 
may be mentioned the accuracy in the ca lcula ted length of 
downstream seepage face in case of ear th dam section with 
hor izonta l toe drain or with r o c k f i l l toe i s l imited only to 
the p a r t i c u l a r cases where the slope of irostream face, Q i^/g 
i s between 45** and 60" (Figs . 3.75 to 3-78, 3.81, 3.82 and 
para 3- 3. 3). 
In case of the two examples of v e r t i c a l core sect ion 
the percentage e r ro r in p r ed i c t i ng the length of seepage face 
by the proposed method i s 7.6 and 7.5 percent respect ively as 
compared to 8.7 and 11.2 percent r espec t ive ly in case of method 
of fragments as modified by I 'ichael W. S te l lo (Journal of 
Geotechnical Engineering, ASCS, September 1987). The e r ro r in 
p r ed i c t i ng the length of seepage face in above two ve r t i ca l 
core sec t ions by the Casagrande's method i s (-) 26.1 and (-) 
24.2 percent , which i s not only abnormally l a rge , but the 
predicted lengxh of downstream seepage face, in th i s case, i s 
much l e s s than the t rue value, and t h i s may l u l l the design 
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engineer into false sense of complacency regarding the safty 
of the dam. Furthermore as explained in para 4.1.3* the 
Cassagrande's method, in case of vertical core with steep side 
slopes gives only t^ wo points, i.e. entry and exit point, with 
no guidance as to how these are to be joined. Michael W,Stello's 
method has the drawback that it gives only two points, one the 
exit point and the other point being very close to entry point 
is not of any practical significance. Therefore, it is concluded 
that the method for predicting the length of downstream seepage 
face, as proposed herein this thesis is not only reasonably 
accurate as conpared to other available methods, but is appli-
cable to Vertical Core Sections as well as earth dam sections 
with different types of internal drainage systems. 
A.3 LOCATION OF TOP FLOW LINE 
4.3.1 Evolution of the Method for predicting the Location 
of Top Flow Line. 
The need for evolving a reliable method capable of 
accurately predicting the true location of top flow line in an 
earth dam section arises from the fact that the presently 
available methods to date, are either not sufficiently accurate 
or are not equally applicable to different types of dam sections, 
such as vertical clay core in case of rockfill dam, earth dam 
section with downstream horizontal drain, chimney drain or 
downstream rockfill toe. 
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It has been mentioned earlier vide para 3.1» that 
the location of top flow line as well as the length of 
downstream seepage face as obtained from the finite element 
analysis of 96 earth dam sections, exhibit remarkable similarity 
with the available theoretical resiilts. Therefore, the above 
mentioned results of finite element analysis of different types 
of earth dam section may safely be considered to form a sound 
basis for evolving a reliable method for accurate prediction 
of the true location of the top flow line as well as the length 
of downstream seepage face in case of vertical clay core, earth 
dam section with downstream horizontal drain, chimney drain and 
downstream rockfill toe. 
The parameters which determine the profile of the dam 
section and consequently govern the location of top flow line 
as well as the length of downstream seepage face are» 
i) Slope of upstream face of the dam, 9^ /g 
ii) Slope of downstream seepage face, QQ/S 
iii) XB/H 
The above mentioned 96 earth dam sections for which 
results of finite element analysis are available, are formed 
by various possible permutations and combinations of the 
following values of the above parameters* 
®u/s = ^^ 5*, 30% A5% 60% 75% 90< 
®D/s ' ^^^' 5°*» ''^5% ISO" 
XB/H = 0.8, 1.5, 2.0, 3.0 
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Any method for predicting the location of top flow 
line in case of a dam section having intermediate values of 
the above parameters, will obviously have to employ some 
sort of interpolation technique which also keeps into account 
the effect of above parameters on the location of top flow 
line. 
The effect of various parameters, i.e. slope of 
upstream face, slope of downstream seepage face and XB/H on 
the location of top flow line in an earth dam section have 
been described in detail vide paras 3.2. 
It has been shown earlier that all the four curves 
of top flow line in case of dam sections, with a particular 
value of XB/H and slope of i^stream face 9y/s» ^'^'^ with four 
different slopes of the downstream seepage face ©r)/- = 60®, 
90", 135", 180* seem to generally coincide with each other, 
except in case of Qj^ /g" 60® and that too in case of dam 
sections with X3/H less than or equal to 1.5 (Figs. 3.13 to 
3.30). 
Again for earth dam sections with particular values 
of XB/H and slope of downstream seepage face 9j,/ , but with 
6 different slopes of t5)stream face 9 / = 15*, 30", 45", 60" 
75®, 90" all the 6 curves of top flow line are generally found 
to be parallel to each other in most of its length. The 
effect of slope of the upstream face of the dam is visually 
illustrated in Figs. 3. 1 to 3. 12. As the upstream face of the 
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dam is made steeper, the location of top flow line is seen 
to shift upwards and in the downstream direction. 
The effect of XB/H on the location of top flow line 
in an earth dam section is much more marked, as compared to 
the effect of the other two parameters described above, i.e. 
slope of i?)stream face Q^ i/s ^^^ slope of downstream seepage 
face 6r)/g« In earth dam sections with a constant value of 
slope of upstream face as well as that of downstream seepage 
face, an increase in the value of XB/H, not only causes 
Inward shifting of the top flow line but also results in 
substantial reduction in the gradient of top flow line in 
most of its length (Figs 3.31 to 3.5^). 
Although as discussed earlier vide para 3.2.4 
(Figs 3.31 to 3.54), the location of top flow line in a large 
number of earth dam sections, differs widely from the base 
parabola suggested by Casagrande, the curve of top flow line, 
in general appears to resemble the shape of a parabola. 
Furthermore, the contention of Casagrande regarding 
the starting point of the ciirve representing the top flow line 
being on the reservoir water surface, at a horizontal distance 
of 0. 3 L i^stream of the entry point, where L is the length of 
horizontal projection of the wetted portion of the icstream 
face of the dam section, is not supported by the results of 
finite element analysis of 96 different dam section, which have 
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enabled p red ic t ion of the t rue loca t ion of top flow l i n e in 
these ear th dam sec t ions . 
The curves of top flow l i n e seem to o r ig ina te from 
a poin t very close to the en t ry po in t , which may be e i t h e r 
s l i g h t l y \;5)streara or downstream of the ent ry point depending 
upon the slope of t?3stream face of the dam. For f l a t t e r 
upstream face the curve of top flow l i n e appears to o r ig ina te 
from a poin t s l i g h t l y upstream of the ent ry poin t , whereas for 
very steep upstream face which may be very close to the ve r t i ca l 
upstream face, the s t a r t i n g po in t of the curve of top flow l i n e 
appears to be s l i ^ t l y upstream of the ent ry point (Para 3.2.1.5 
and Table 3 .1) . 
To confirm the above observat ions , the locat ion of top 
flow l i n e as obtained by the f i n i t e element analysis for dam 
sect ions with downstream hor izonta l drain, but for a l l the 6 
di f ferent slopes of the i^stream face, 0 / = 15", 30*, 45", 60", 
75°, 90" are p lo t t ed separa te ly for XB/H = 0 .8 , 1.5, 2, 3. 
(Figs 4.9 to 4.12). Since the slope of downstream seepage face 
has only neg l ig ib le e f f ec t on the loca t ion of top flow l i n e , 
except in cases where XB/H i s small, only the dam sect ions with 
downstream hor izonta l dra in are considered here. 
The base parabola as suggested by Casagrande are also 
p lo t ted for dam sect ions with the same value of XB/H, but with 
ve r t i ca l upstream face, 9 ^ ^ = 90" (Figs. 4.9 to 4.12). 
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A comparision of the above four base parabolas with 
the t rue loca t ion of top flow l i n e as obtained by the f i n i t e 
element ana lys i s i nd ica t e s t h a t a l l the 6 curves of top flow 
l i n e for dam secUon with 9^^^= 15% J0°, 45% 60% 75% SO** 
are general ly p a r a l l e l to the base parabola for the dam section 
with the same value of XB/H but with v e r t i c a l irostream face. 
From the ensuing discussion, i t can be safely 
concluded t h a t a r e l i a b l e and accurate method for predic t ing 
the t rue loca t ion of top flow l i n e in an ear th dam section may 
evolved by r e l a t i n g the top flow l i n e as obtained by f i n i t e 
element ana lys i s of t h a t dam sect ion to the base parabola for 
the dam sec t ion with the same value of XB/H but with ve r t i ca l 
upstream face. 
Therefore, Kozney's base parabola with downstream toe 
of the dam or s t a r t i n g po in t of hor izonta l drain or tha t of 
r ock f i l l toe as focus and passing through the entry point i . e. 
the po in t of i n t e r s e c t i o n of water surface with upstream face 
i s taken as the standard curve for a dam sec t ion with a pa r t i cu l a r 
value of XB/H. The X-coordinate of the curve of top flow l ine 
a t d i f f e ren t e levat ion of above the base, in case of a l l the 
96 ear th dam sect ions are r e l a t ed to the X-coordinate a t that 
elevat ion of the above base parobala having the same value of 
XB/K as t h a t dam sec t ion , by the expression, 
K I T • . . (4.2) 
base 
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vrtiere, X p^^  " X-coordinate of top flow l i n e a t e levat ion x » 
in case of dam sect ion with p a r t i c u l a r values 
of XB/K, e ^ ^ , 0^ /3 . 
X, = x-coordinate of base parabola a t e levat ion ^ , base 
in case of dam sec t ion with same value of XB/H 
but with v e r t i c a l upstream face. 
X , = Coefficient r e l a t i n g the X-coordinate of top 
flow l i n e a t e levat ion y t in case of dam sect ion 
with par t ic io lar values of XB/H, Q^g» Qn/o "^ 
the corresponding X-coordinate of the base 
parabola a t t h a t e levat ion in case of dam section 
with same value of XB/H but with v e r t i c a l 
upstream face. 
Now the ef fec t of slope of t^DStream face of the dam 
^ u / s ' ^^ well as t h a t of downstream seepage face ©rj/^' °^ "^^ 
loca t ion of top flow l i n e in an ear th dam sect ion i s much l e s s 
marked as conpared to t h a t of XB/H, as even in case of slope 
of upstream face, an increase in xhe value of 9„/e causes only 
gradual sh i f t i ng of the top flow l i n e , with no v i s ib le change 
in the gradient of the top flow l i n e in most of the length. 
Therefore, i t i s considered t h a t a t any elevat ion , above 
the base, a r e l i a b l e value of the above constant K or tha t of 
X-coordinate of top flow l i n e a t t h a t p a r t i c u l a r elevation , 
in case of ear th dam sec t ion with intermediate values of 9 / . 
u/s* 
as well as t h a t of 9^^/^ may be obtained by l i n e a r in terpola t ion . 
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In contrast to the above, the effect of XB/H on the 
location of top flow line in an earth dam section, is much 
more marked as an increase in the value of XB/H, not only 
causes significant upward shifting of location of top flow 
line but also results in marked decrease in the gradient of 
the top flow line in most of its length. Therefore, linear 
interpolation to obtain the value of above constant K, in 
case of dam sections with intermediate values of XB/H, is not 
considered feasible. 
Consequently, for any elevation of above the base, 
the value of the above mentioned constant K, in case of earth 
dam section having intermediate values of XB/H, but with either 
of the 6 values of ©u/g" 15°, 30", 45% 60% 75% gO" and 4 
values of 9p/g=» 60*, 90«>, 135*, 180*, are obtained by carrying 
out regression analysis with constant K as dependent variable 
and XB/H as independent variable. The results of the regression 
analysis are plotted vide Figs 4.13 to 4,36, 
The value of the above constans K, at various eleva-
tions of above the base of the dam section having intermediate 
values of XB/H, but with either of the above mentioned 6 slopes 
of upstream face and either of the above mentioned 4 slopes of 
downstream seepage face, are read directly from these curves. 
For the given earth dam section with intermediate 
values of XB/H, the X-coordinate of top flow line at various 
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elevation above the base i.e. the location of the top flow 
line in an earth dam section with any value of XB/H, but with 
having either of the above 6 slopes of upstream face and 
either of the above 4 slopes of downstream seepage face, may 
be obtained by the expression, 
^FL " ^' "^ base 
4.3 .2 The Procedure in Stages 
Since an ear th dam sec t ion and consequently the 
loca t ion of top flow l i n e are fu l ly determined by the three 
parameters XB/H, ©y/g» ^ D / S ' ^^ ""^ ^^ ^ loca t ion of top flow 
l i n e in any ear th dam sec t ion may be obtained by some so r t of 
i n t e rpo l a t i on in a three step procedure. 
Step I - Determination of loca t ion of top flow l i n e , for 
the ac tua l value of XB/H as in the given ear th dam sect ion, 
but for two values of Q ^ - containing the ac tual slope of 
i55stream face as in the given ear th dam sect ion, for each of 
the two values of Q-Q/^ containing the ac tua l slope of downstream 
seepage face as in the given ear th dam sect ion. Four locat ions 
of top flow l i n e are thus obtained in t h i s s tep. 
Step I I - Having thus obtained the 4 loca t ions of top flow 
l i n e for the given value of XB/H, the loca t ion of top flow 
l ine for the actual slope of the upstream face in the given 
earth dam sect ion, i s obtained by l i n e a r in te rpo la t ion for 
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each of the two values of 0 / containing the actxjal slope 
of the downstream seepage face in the given earth dam section. 
Section I I I - Thus a t the end of second step, 2 locations of 
top flow l ine for the actual value of XB/^ and Q .^  as in the 
given earth dam section, but for two values of Q^y^ containing 
the actual slope of downstream seepage face as in the given 
earth dam section, are obtained* 
The length of downstream seepage face is calculated 
for the given dam section as explained in para 4,2,2 and the 
exit point i s marked on the downstream seepage face. The 
location of the exi t point with respect to the X-coordinates 
of the points on the above two locations of top flow line at 
tha t elevation, now forms the basis for l inear interpolation 
to obtain the X-coordinate of the required top flow line a t 
different elevations in the given earth dam section* 
4,3.3 Application of the Method for predicting the 
Location of Top Plow Line. 
The above method for predict ing the location of top 
flow l ine i s best i l lxis trated by examples of 4 different 
earth dam sections described in para 4 ,2 .2 , The procedure 
for predicting the location of top flow l ine in case of 
the above 4 earth dam sections i s i l l u s t r a t ed in Figs.4,37to 4.4 
aie top flow line as obtained by the method proposed in this thesis i s 
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compared with the t rue l oca t i on of the top flow l i n e for 
each of the above 4 ea r th dam sec t ion and are found to he 
remarkably close to each o ther as shown in Fig. 4. 37, 4. 38, 
4.41 and 4.42. Therefore, i t i s concluded tha t the proposed 
method i s a r e l i a b l e , accurate and powerful method for p r e -
d ic t ing the t rue loca t ion of top flow l i n e in case of v e r t i c a l 
core sec t ion and ear th dam sec t ions with d i f fe ren t types of 
i n t e r n a l drainage systems. 
In cont ras t the method of fragments as recent ly 
proposed by Michael W.Stello (September 1987) gives the 
loca t ion of only two po in t s in case of v e r t i c a l core sect ion, 
one i s the e x i t point , which as shown in para 4.2.2 i s in 
grea ter e r ro r than t h a t p red ic ted by t h i s method, the other 
point being very close to the ent ry po in t i s not of much 
p r a c t i c a l s ignif icance. 
As f a r as the Casagrande's method i s concerned, not 
only the e r ro r in the p red ic ted loca t ion of ex i t point i s 
very l a rge 26.1 and 24.2 percent respec t ive ly in case of 
v e r t i c a l core sect ions vide exanples 3 and 4, the Casagrande's 
method for steep v e r t i c a l cores , as explained vide para 4. 1. 3 
and shown vide Figs 4,41 and 4.42, gives only two points and 
do not provide any guidance as to how these are to be joined 
to obtain the locat ion of top flow l i n e . 
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CMAPTER - 5 
SUMMAHY AND CONCLUSIONS 
5,1 GENERAL 
Th« basic question to b« angwered in th« d««igQ of an 
•arth dam saction, due to tna lonconfined seepage flow, is the 
correct location of top flow line, because once the domain of 
seepage flow is fully defined, the flow net can be easily drawn 
and hence the pore pressures in the flow domain, as well as the 
quantity of seepage flow can be easily detertnined. 
The water stored behind an earth dam always seeks to 
escape. *^ >r an earth aam composed of homogeneous material loca-
ted on <4 fovmoatlon of Impervioxui material, the seepage line 
will cut the downstream face above the base of the dam, \inless 
of course, special drainage measures are adopted. If this line 
is allowed to intersect the oixtside downstrean face above the 
toe, more or less serious sloughing may take place and ultimate 
fail\ire may result. Furthermore an inaccurate estimation of the 
seepage line may result in predicting pore pressures which are 
different frcm those occurring in the actual dam section and 
this may lead to calculation of factor of safty in the stability 
analysis which may be at variance with the a«t\ial correct values. 
The position of seepage line in the body of earth dam must also 
be known, in order to determine the optimum location of drainage, 
so as to ensure that the drainage serves its primary purpose of 
preventing efflux of seepage into the op«i discharge face and 
282 
also that of lowering the seepage line, so as to increase the 
distance between the seepage line and the downstream face. The 
accxirate determination of free surface, comnenly known as the 
top flow line or phreatic sxirface, therefore, is of prime 
importance for the safe design of earth dams* 
In this stuAjt an attempt has been made to determine the 
effect of various parameters which gorern the geometry of an 
earth dam section resting on impervious fo\aidation on the domain 
of seepage flow in that earth dam section and to consequoitly 
present to the engineering profession the means of predicting 
the exigencies arising from the flow of seepage water* 
The finite element analysis was carried out on 96 earth 
dam sections« comprising vertical core sections as well as earth 
dam sections with different types of internal drainage system 
such as chimney drains, rockfill toe and horizontal toe drains. 
In contrast to the case of confined flows in which the boundary 
of the region is fully known before hand, the problem of seepage 
in case of unccmfined flows in earth dams is considerably com-
plicated by the fact that part of the region boundary is created 
by the free surface, the position of whidi is unknown a priori, 
but has to be determined as part of the analysis during solution 
process. The procedvure whicn is essentially iterative, starts 
with an initial guess about the location of the free surface* 
on the basis of flviid head h, computed in each Iteration, the 
location of free surface is modified. The boundary condition at 
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the free surface is varified at the end of each iteration and 
the procedure is carried out untill the movement of the free 
siirface during any two consequtive iteration becomes negligibly 
smali.The fiP.lte el«naat grid also has to be modified in each 
iteration. This procedure for shifting the free surface* to 
obtain the final true location of top flow line is seen to be 
q\iite simple and worked well in the finite element analysis of 
all the 96 earth dam sectimis* Trouble* however* arose in the 
determination of the location of exit point* where the free 
sTirface emerges on the downstream seepage face* and that of the 
free surface in its immediate vicinity. Different solution algori-
thin were used for determining the location of exit point* as well 
as that of the top flow line in this region for each type of dam 
section* 
In case of vertical core section or a chimney drain* a 
simple extrapolation is generally most successful* sinee the 
new node position of the exit point may be obtained fron the new 
position of adjecent modes on free surface F in any iterative 
step. In changing the position of the free surface it is often 
necessary to shift the modal points in directions other than 
vertical. The above procedure will not work when direction of 
shifting of any point crosses a physical boundary of the system 
and the calculated position of the fcee surface extended beyond 
the physical limits of the flow region ie the downstream face of 
clay core or of earth enbankment without internal drainage system. 
In such situations the location of exit point may be taken at the 
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point of in tersec t ion of the new posit ion of top flow l ine and 
downstreain face of the dam. 
Another problem ar i ses when part of the free surface 
becomes e s s e n t i a l l y v e r t i c a l as in the case of earth dam with 
horizontal toe drain* In such cases* the horizontal coordinates 
of any two adjecent nodal points on the free surface P» may be 
so close together that the sh i f t ing scheme raoitioned above fa i l s 
t o adequately adjust the horizontal coordinates of these points* 
This problem can be overccme by introducing a correction factor 
for ex i t point node C, whidi when multiplied to the difference 
between the potent ia l h and ver t i ca l coordinate y at the adjecoat 
node w i l l give the amount of sh i f t ing of the e x i t point node C 
in the horizontal direction* 
The above procedure worked well in case of different types 
of earth dam sect ions and a rapid and good convergence was achie-
ved in case of a l l the 96 earth dam sections analysed* 
I t i s indicated that the location of top flow l ine as 
predicted by the f i n i t e element analysis t a l l i e s almost exactly 
with Kbzney's theoret ica l solution for earth dam section with 
parabolic upstream face* Also the length of downstream seepage 
face in case of earth dam with horizontal toe drain, as obtained 
by f i n i t e element ana lys i s , are found to exhibit remar)able 
s imi lar i ly with avai lable theoret ica l resu l t s of Moayeri's exact 
solution ^^  (May 1972, ASCS), indicating that the resul ts being 
reported in t h i s t h e s i s may be used with confidence. 
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The stxjdy indicates that the presently available methods for 
predicting the location of top flow line and the length of 
downstream seepage face are either not sufficiently accurate or 
their appicability is limited to a particular boxmdary geometry* 
A rational method has been evolved which is capable of 
predictingthe location of top flow line as well as the length 
of downstream seepage face, with a more reasonable degree of 
accuracy as compared to that by the presently available methods 
and which is applicable to vertical core section as well as to 
earth dam sections with different types of internal drainage 
systems. 
Parametric studies have been carried out to study the 
effect of various factors, such as slope of upstiream face# slope 
of downstream seepage face and the length of seepage path as 
manifested by the value of XB/H on the gradient and location of 
top flow line, inclination of top flow line with the upstream 
face in the region close to entry point, existence or otherwise 
of the point of inflection and location of starting point of 
curve of top flow with respect to entry point, as well as on the 
length of downstream seepage face. An attempt has been made to 
search for a logical explanation of the ^ysical behavioxir of 
top flow line in all the above respects. 
5.2 CONCLUSIONS 
The following are the main conclusions of the studies. 
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5.2 .1 Accuracy of the Results of the Finite Element 
Analysis of Earth Dam sec t ion . 
The locat ion of top flow l i n e as predicted by the f in i t e 
element analysis of an earth dam sect ion with parabolic upstream 
face, t a l l i e s almost exact ly with that obtained by Kozney*3 
theoret ical so lut ion . Also the length of downstream seepage face, 
in case of earth dam sect ion with horizontal toe drain as obtai-
ned by the f i n i t e element analysis are found to exhibit remark-
able s imi lar i ty with a l l the avai lable theoret ical resu l t s , with 
dif ferent value of slope of upstream face and length of seepage 
path as main-fested by XB/ii of Moayeri's exact solution 
(May 1972, ASCS), The value of slope of upstream face and length 
of seepage path as manifested by XB/1i, for whidi inf lect ion 
point on the top flow l i n e vanishes, as obtained from the results 
of f i n i t e element analysis a l so show remarkable s lmi lar i ly with 
the resvilts of Moayeri's theoret ica l so lut ion . Therefore, it i s 
concluded that the resxilts obtained by f i n i t e element analysis 
of earth dams section and being reported in th i s thes i s may be 
used with confidence. 
5 .2.2 Solution Algorithm 
Different solution Algorithm were xised for determining 
the location of top flow line as well as that of exit point on 
the downstream seepage face for vertical core section, earth 
dam sections with different types of internal drainage systems ie 
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chinaiey drain, rockfill toe and horizontal toe drain, A rapid 
and good convergence was achieved in case of all the 96 earth 
dam section* analysed, 
5,2,3 Evaluation of Presently Available Methods and their 
Comparision with the Results of Finite Element Analysis. 
The study indicates that the presently available methods 
for predicting the location of top flow line and length of down-
sream seepage face are either not sufficiently acurate or their 
applicability is limited to a particular boundary geometry, 
5.a.3.1 Recent Methods 
Amongst the recent n«thods# the applicability of Moayeri's 
exact solvttion ^^^^ (May 1972, ASCE) is limited to the particular 
case of earth dam section with horizontal toe drain. More recen-
tly Michael W. stello ^^ ^ (September 1987, ASCS), using the 
method of fragments auid modifying the entrance and exit frag-
ments, made a close approximation for flownet analysis and 
has presented his resxilts in the form of charts. His results, 
however, suffer from the disability that only two points on the 
I*ireatic line can be obtained from the above seepage chart. The 
first point is very close to the entry point and hence is not 
of much help in drawings the top flow line. The other point is 
the exit point. The above method gave location of exit points 
in case of two examples of vertical core sections, which were 
found to be in error by 8,68 and 11.2 percent as compared to the 
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t rue location of ex i t point as obtained by the f in i t e element 
analysis (Para 4 .2 .2 ) . 
5.2.3.2 Casagrande's Method. 
(i) The st\idies have indicated tha t the top flow line as 
calculated by Casagrande's method, crirrently in vogue, i s 
considerably below i t s true location as obtained by the f in i te 
element analysis , in case of earth dam sectionswith f l a t t e r up-
stream face, resul t ing in the predicted pore pressure being 
less than those oocvirring in the actxial dam section and conse-
quently leading to calculated factor of safety in the s tab i l i ty 
analysis that would be higher than the true value of safty factor 
and th i s may l u l l the design and constrxiction engineer into a 
false sense of ccxnplacency as regards the safety of earth dam. 
( i i ) Casagrande's method i s found to be t o t a l l y inadequate 
in case of ve r t i ca l core with steep side slopes, as in such 
dam sections, i t gives only two points , entry and exit point, 
without any guidance as to how these are to be joined to obtain 
the location of top flow l i ne (para 4 .1 .3) . 
( i i i ) The location of ex i t point in case two ve t t i c a l core 
section, as obtained by Casagrande's method are found to be 
in error by -26.08 and -24.21 % as compared to i t s true value 
as obtained by the f in i t e element analysis (Para 4 .2 .2) . 
(iv) The length of seepage face obtained by Casagrande's 
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method i s genera l ly foxind to be considerably l e s s than i t s t rue 
value as obtained by f i n i t e element ana lys i s in case of v e r t i c a l 
core sect ion or Earth dam sec t ion with dnirmey dra in and a sma-
l l e r length of seepage path as manifested by XB/^. Also the 
length of seepage face a s obta ined by Casagrande's method i s 
c l o s e s t t o i t s tr t ie va lue for in te rmedia te valxies of slope of 
XQjstream face 45° or 60 « and i s in g rea te r e r ro r both in case 
of ea r th dam sec t ion with irery f l a t as wel l as in case of very 
s teep upstream face (Para 3 . 3 . 3 ) , 
(v) The content ion of Casagrande regarding the loca t ion of 
s t a r t i n g po in t of the curve of top flow l i n e being on the water 
surface a t a d i s t ance 0,3 H Cot ©^/g i s foxand to be not correc t 
(Para 3 . 2 . 1 . 5 ) . 
5.2.4 A New Method pjroposed For P red ic t ing the Length of 
Downstream seepage Pace and Location of Top Plow l i n e , 
A r a t i o n a l method has been evolved which i s capable of 
p r ed i c t i ng the l oca t i on of top flow l i n e as well as the length 
of downstream seepage face, with a more reasonable degree of 
accuracy as compared t o t h a t by the p resen t ly ava i l ab le methods 
and which i s app l i cab le t o v e r t i c a l core sec t ion as well as to 
ea r th dam sec t ions with d i f f e r e n t types of i n t e r n a l drainage 
system, (Para 4.2 & 4 . 3 ) . 
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5,2.5 Effect of various Parameters on the Location etc. 
of the Top Plow line (Chapter 3 )• 
(i) Gradient of Top Flow line in the Central Region. 
The gradient of the top flow line is largely governed by 
the length of seepage path* as manifested by the value of XB/H. 
The slope of upstream face as well as the slope of downstream 
seepage face have only minimal effect on the gradient of top 
flow line in the central region, 
(ii) Location of Top Flow Line. 
The length of seepage path as manifested by XB/^ has a 
very major influence on the location of top flow line. As the 
value of XBAI is increased the gradient of top flow line 
attains a flatter slope and there is a large toward shifting 
of the top flow line in the central region. As the upstream 
face of the dam is made steeper there is an upward shifting of 
the curve of top flow line# bvit there is no change in its gra-
dient 
(iii) Inclination of Top Flow Line to the Upstream Face in 
the Region close to Entry Point. 
The slope of top flow line in the region close to the 
entry poin£ adjusts itself in such a manner that it is some-
where in between the two slopes le that of normal to the la?-
stream face and that of top flow line in the Central region. 
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Thus the inclination of top flow line to the upstream face in 
the region adjecent to entry point is governed both by the slope 
of upstream face as well as by the gradient of top flow line 
in the central region, which in turn depends on the value of 
XB/H, 
(iv) Existance or otherwise of the Point of Inflection. 
The inf lextion point depends both on the slope of up-
stream face of the dam as well as on the value of XBAI and is 
seen to vanish as the upstream face is made steeper. 
(v) Location of Starting point of curve of Top Flow Line. 
The distance of the starting point of the curve of top 
flow line# at the elevation of water svirface is foxind to be mxich 
below the value of 0.3 H Cot ©^/g* suggested by Casagrande. 
Furthermore the above starting point of the curve of top flow 
line is not always located on the upstream side of the entry 
point. In fact in case of earth dam sections with very steep 
upstream face, the above starting point of the curve of top 
flow line is seen to be located on the downstream side of the 
entry point. 
5.3 POINTS FOR FURTHER RESEARCH WORK. 
5.3,1 Inclxision of Foundation in the Analysis. 
The studies reported in the thesis have been carried 
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out on e a r t h dam sec t ion on an impervioxis foundation. The 
e f f ec t of pervious foundation may be included in future 
s t u d i e s . The e f f ec t of depth of such pervious foundation i s 
a l so a matter for fxirther stxidy. 
5.3*2 zoned Embankments. 
In t h i s study only homogeneous ea r th dams were considered. 
Rockf i l l dams with d i f f e r e n t pe rmeab i l i t i e s of core and she l l 
ma te r i a l may form a t op i c for fu ture stxidy. 
5 .3 .3 Fovtndation Cut of f . 
The e f fec t of depth of foiandation exit-off and i t s per-
meabi l i ty as compared to the permeabi l i ty of foundation material 
may a l so be included in fijtture stiady© 
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